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SUMMARY

Cardiovascular disease (CVD) is a major global health problem. Living
with diseases like CVD often requires long-termmonitoring, for which
flexible and conformable sensors are employed. The developments in
materials, devices, integrated electronic systems, the Internet of
Things (IoT), and edge computing enable real-time and convenient
measurement and detection of signals. Herein, we review the latest
developments in the surveillance of various physiological signals of
flexible sensors for CVD. First, a variety of signals that can monitor
CVD are summarized. Then, the different mechanisms and principles
of monitoring pulse signals, as well as the flexible sensor monitoring
of electrocardiogram (ECG), phonocardiogram (PCG), seismocardio-
gram/ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) sig-
nals are discussed. Finally, future research directions are proposed
based on the current research landscape.

INTRODUCTION

In recent years, although living standards have gradually improved, living habits and

diet have become more and more irregular, which is known to increase the burden

on the heart and likely to cause heart disease. ‘‘Report on Cardiovascular Health and

Diseases in China 2019: An Updated Summary’’1 pointed out that the prevalence of

cardiovascular diseases (CVDs) in China has been rising year after year, and it is esti-

mated that there are 330 million cardiovascular patients, and the mortality rate of

CVD ranks first among all diseases. Not only that, but the cost of CVD treatment is

also very expensive. The World Heart Federation has estimated that by 2030, the to-

tal global cost of CVD treatment will increase from approximately USD 863 billion in

2010 to a staggering USD 1,044 billion.2 As a result, the prevention of CVD plays a

vital role in reducing the mortality and cost of CVD treatment.

The cardiovascular condition can be obtained from some signals generated during the

rhythmic heartbeat. Electrocardiogram (ECG) signals are produced since the heart has

a special electrical signal conduction system. This conduction system is composed of

differentiated cardiomyocytes. Cardiomyocytes are excited by the sinoatrial node,

and then the electrical signal spreads to the atria and ventricles in a certain path and

time sequence, and finally synthesizes the ECGsignal on thebody surface. The opening

and closing of each valve during a heartbeat produces a heart sound signal. Along with

the cyclical contraction of the heart, the pulse waves generated by the arteries combine

various information carried by the heart pumping activity and pressure waves along the

arterial tree. A complex and weak force is generated in the process of pumping blood,

and seismocardiogram/ballistocardiogram (SCG/BCG) signals are generated based on
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the force and reaction force. At the same time, the apex hits the chest wall during the

heartbeat and generates an apexcardiogram (ACG) signal. These signals can partly

reflect cardiovascular conditions. Nowadays, some commercial monitoring equipment,

whether it is a blood pressure meter, an ECG device (Holter), or a mattress system that

monitors BCG/SCG signals, are relatively bulky and inconvenient to carry, and the elec-

trodes can easily fall off.3 These traditional monitoring methods will have a bad influ-

ence on people’s normal work and study.

A new flexible electronic technology is expected to solve these problems. Flexible

electronics are lightweight, sensitive, etc., which can adapt to human skin very

well.4–9 Recently, the development of flexible materials and processing technology

has made it possible to monitor the situation of human body for a long time through

flexible wearable sensors and devices.10,11 Especially with the popularization of the

5th Generation Mobile Communication Technology (5G) plus edge computing and

the Internet of Things (IoT), it will help flexible electronics to reach a higher level in

monitoring. In the future, the health management of people will be more personal-

ized and precise with these new information technologies.

In some previous review articles, Hong et al.10 discussed flexible electronic devices

such as ECG, blood pressure, blood oxygen, and implantable therapy. Feng’s

team12 reviewed the research progress of flexible electronics in bioelectrical signals,

biophysical signals, and biochemical signals from the aspects of material, structure,

and device design. Chen et al.13 focused on the progress in materials, structures,

and mechanisms of flexible sensors used for heart rate, blood pressure, blood oxy-

gen, and blood glucose monitoring. These reviews have very good guiding signifi-

cance for researchers in their respective research fields.

In this review, we present recent research on flexible sensing technologies and devices

used for the prevention of CVD. First, we describe the five human signals formonitoring

CVD and briefly review the characteristics and generation principles of these sig-

nals.12,14 In addition, we introduce several pulse wave parameters that reflect cardio-

vascular conditions. Then, around these five signals, the flexible sensing technology

and equipment developed in recent years are reviewed from the perspective of mate-

rials andmanufacturing processes. Different sensingmechanisms are classified, and the

flexible sensing technology of pulse wave signals is introduced in detail. Finally, we

briefly summarize and look forward to the future of monitoring cardiovascular condi-

tions by flexible sensing technology and equipment.
CVD AND SIGNALS

CVDs have an important impact on human health, especially for the elderly, and

most CVDs are chronic. Moreover, the treatment period is long, thus posing a great

threat to the health of patients. The use of non-invasive devices for prediagnosis and

therapeutic monitoring of cardiovascular parameters not only enables the early

diagnosis of CVD but also helps to improve the quality of life of patients. This has

a positive impact on the doctor’s ability to treat patients according to their cardio-

vascular condition and plays an important role in protecting patients’ lives and

reducing the incidence of CVD.15

Non-invasive cardiovascular parameters are mainly measured by measuring pulse

wave, ECG, PCG, PPG, and SCG/BCG. However, in related studies, pulse wave,

and heart sound alone has been studied more. In particular, flexible sensing has

focused on pulse waves. The various signal waveforms are shown in Figure 1.
2 Cell Reports Physical Science 2, 100541, August 18, 2021



Figure 1. Schematic illustration of multiple physiological signals for the prevention of CVD

Physiological signals include pulse wave, SCG/BCG, ECG, PCG, and ACG.
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Pulse wave signal

Pulse wave analysis (PWA) is an emerging technique for the assessment of arterial

elasticity and has become an important technique for the early detection of arterio-

sclerosis.16,17 The PWA method extracts and calculates the cardiovascular function

indexes based on the time-domain characteristics of the pulse waveform and the

corresponding pathophysiological information, which is incomparably superior to

the traditional imaging methods. Pulse wave detection methods are categorized ac-

cording to the location of detection, and the commonly used ones are CA (carotid

artery), DA (digital artery), RA (radial artery), BA (brachial artery), and DPA (dorsalis

pedis artery)18 (Figure 1). The typical time amplitude curve of a pulse waveform is

shown in red in Figure 1. For example, a standard RA waveform contains the

following five features: (1) point b: the trough of the pulse wave, i.e., the beginning

of the wave, which marks the beginning of the rapid ejection period and is the lowest

point in the whole pulse wave; (2) point c: the first systolic waveform of the pulse

wave, called the main waveform peak. At point c, the evacuation volume of the

left ventricle is comparable to that of the aorta, which reflects the maximum value

of arterial pressure and pulse volume; (3) point e: the second systolic peak of the

pulse wave, also known as the reflection point; it usually appears after the main

wave and its position is below the main wave; (4) point f: the descending isthmus,

also known as the trough of the dicrotic pulse; it is mainly a downward tangential

wave composed of the descending and ascending branches of the beat wave; the

trough of the bicep wave is the boundary point of cardiac contraction and diastole;

(5) point g: the peak of the dicrotic pulse, which corresponds to the diastolic peak of

the cardiac cycle; it is formed when the aortic arch accommodates blood during sys-

tole and releases it during diastole and hits the aortic valve rebound. Among the

above characteristic points, the reflected wave produced by them is relatively

weak, so the identification of point e is the most difficult,18–20 but its clinical applica-

tion value is significant. Therefore, the study of the e-point recognition algorithm has

been a research hot spot in the field of PWA.21
Cell Reports Physical Science 2, 100541, August 18, 2021 3



Table 1. Principles and classification of different cardiovascular parameters

Parameter Category Principle Explanation

PWV PVP PWV = L
PTT L, the length between two

recording body parts

SV CFP SV = 0:283
K2 TðPs � PdÞ K, relative position of the mean

pulse wave; T, period

CO CFP CO = SV 60
T = 17

K2 ðPs � PdÞ —

CI CFP CI = CO=BSA BSA, body surface area

SEVR CFP SEVR = DPTI
SPTI

DPTI, diastolic-pressure time index;
SPTI, systolic-pressure time index

TPR PVP TPR = Pm
CO

—

PI PVP PI = AC component
DC component

AC, alternative current; DC, direct current

AI PVP AI = SBP2�DBP
SBP1�DBP

SBP1, first peak systolic blood pressure;
SBP2, second peak systolic blood
pressure; DBP, diastolic blood pressure

C1 PVP C1 = 2A4
ðA2 +A4Þ2 +A5

RA2ð2A4 +A2ÞðA2
4 +A2

5Þ
A2, A4, attenuation constant; A5, oscillation
frequency; R, total peripheral resistance

C2 PVP C2 = 1
Rð2A4 +A2Þ —

ABI PVP ABI = Pa
Pu Pa, ankle systolic pressure; Pu, systolic

pressure on the upper arm
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Studies have shown that many cardiovascular parameters can be obtained from

pulse waves, and there are many products available in the market for the assessment

of cardiovascular status through pulse waves. In terms of classification, cardiovascu-

lar parameters can be generally classified into two categories: cardiac function pa-

rameters (CFPs) and peripheral vascular parameters (PVPs). This corresponds to

two kinds of testing techniques: CFP testing techniques and PVP testing techniques.

Non-invasive CFP tests include doppler echocardiography, impedance differential

cardiograms, various stress tests, ECGs, phonocardiograms, apical and carotid

pulse diagrams, and pulse diagrams. Ultrasound doppler and cardiac impedance

mapping are the more commonly used methods. The invasive tests mainly include

the FICKmethod and the thermodilution method. PVPs are measured by continuous

ultrasound doppler, by pulse transducer, and most commonly by various monitors.

In general, CFPs are mainly cardiac index (CI), cardiac output (CO), and stroke vol-

ume (SV). PVPs mainly include systolic Ps, diastolic Pd, pulse pressure Pn (Ps-Pd),

mean arterial pressure Pm, heart rate (HR), pulse wave velocity (PWV), and many

other indicators, such as subendocardial viability ratio (SEVR), total peripheral resis-

tance (TPR), perfusion index (PI), augmentation index (AI), capacitive compliance

(C1), oscillatory compliance (C2), and ankle-brachial index (ABI).22,23 See Table 1

for these indicators and principles.

Heart sound signal

From the perspective of prevention, in the early stages of the onset of certain CVDs,

changes in heart sound signal can often indicate the arrival of certain diseases, so

heart sound signal has an irreplaceable role in early diagnosis of CVD. The PCG is

shown in pink in Figure 1. The first heart sound S1 is produced by atrioventricular

valve closure, marking the onset of ventricular contraction. The second heart sound

S2 is produced by the closure of the arterial valve, marking the onset of ventricular

diastole. The third heart sound S3 occurs in the early stage of ventricular diastole.

The fourth heart sound S4 occurs in the late stage of ventricular diastole. It has

been shown that changes in first heart sound amplitude are positively correlated

with the rate of increase in left ventricular pressure,24 and that changes in left ventric-

ular pressure have an independent effect on first heart sound intensity, which is a

standard measure of myocardial contractile energy.25 Therefore, the study of the
4 Cell Reports Physical Science 2, 100541, August 18, 2021
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energy distribution of the heart sound signal and the total energy magnitude is a

preliminary assessment of the state of the cardiac energy reserve.

The frequency and intensity of the heart sound signal are indicative of myocardial

function and the condition of heart valves and intracardiac blood flow. In the study

of the relationship between heart sound signal characteristics and heart disease, the

analysis method is mainly to use modern digital signal processing tools to analyze

the heart sound signal in the time domain and frequency domain and to use machine

learning or deep learning to classify and diagnose heart sound signals and diseases.

ECG signal

ECG is one of the most commonmethods for the diagnosis of CVD, providing objec-

tive indicators in the proper analysis, diagnosis, treatment, and monitoring of heart

disease. It has been widely used in clinical practice. One of the most important pa-

rameters reflecting cardiovascular health is the heart rate obtained by ECG. Bymoni-

toring the heart rate, some information about the rate and rhythm of the heartbeat

can be obtained, which is important for CVD monitoring cardiopulmonary function

assessment. The normal ECG is shown in the blue waveform in Figure 1, and the gen-

eral ECG signal is composed of P waves, QRS clusters, and T waves.

The analysis of ECG signals is divided into two aspects: time domain and frequency

domain. In addition to some commonly used waveform intervals and amplitude pa-

rameters in the time domain, heart rate variability (HRV) can also reflect cardiovascu-

lar conditions.26 HRV is defined as the variation in beat-by-beat cycle differences,

which indicates the extent to which the cardiovascular system is under sympathetic

and parasympathetic control reflecting information about the modulation of the car-

diovascular system by neurohumoral factors. HRV is a predictor of myocardial infarc-

tion mortality and can be used as a basis for the determination of CVD. HRV also

plays an important role in the prevention and treatment of hypertension, myocardial

infarction, sudden cardiac death, and arrhythmia. The detection and analysis of HRV

are of great significance to the prevention and diagnosis of CVD.

It is also similar to the study of heart sound signals, which mainly involves the use of

machine learning and deep learning to classify heart signals and achieve a diagnosis

of disease. This is particularly important for signal acquisition. In the future, the

popularity of flexible wearable electrodes will produce even greater amounts of

data. By making good use of big data and artificial intelligence, people can under-

stand their cardiovascular status in real-time, daily, which will effectively reduce the

mortality of CVD.

SCG/BCG signal

Although ECG is commonly used in clinical applications to examine cardiac function,

this method requires direct contact between the electrodes and the human skin and

is not suitable for prolonged application in cardiac function testing. SCG/BCG is a

faint mechanical signal produced by the heart’s pumping activity that causes the

body to vibrate synchronously and contains a large amount of important information

related to the cyclic activity of the heart. The SCG/BCG signal also enables non-con-

tact, non-sensory detection of cardiac function with the human body, making it ideal

for long-term cardiac function monitoring.

Detection devices based on the SCG/BCG signal allow the insensitive monitoring of

the heart’s mechanical activity without the need to attach the sensor directly to the

body.27,28 The SCG/BCG and its cycle are useful for studying the physiology of the
Cell Reports Physical Science 2, 100541, August 18, 2021 5
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cardiac cycle. As shown in the green waveform in Figure 1, the ideal SCG/BCGwave-

form consists of eight parts, which are the waveform information indicated by g, h, i,

j, k, l, m, and n. Under normal conditions, the BCG signal should be consistent with

the human heartbeat and show a distinct periodicity. Among the g, h, i, j, k, l, m, and

n segments of the BCG signal, the h, i, j, k, and l bands have the greatest amplitude.

Experts in cardiac signaling usually call the h, i, j, k, and l combination the W29 com-

bination wave, based on its shape.

It is generally accepted that h, i, j, and k waves are associated with cardiac contrac-

tion; m and n waves are associated with cardiac diastole. The amplitude of i-j during

inspiration is greater than the amplitude during expiration, but its deviation is always

within a moderate range. In the SCG of each cardiac cycle, the waveform produced

during systole is predominant. The waveform produced during diastole is smaller in

amplitude. The pattern is coherent and repeatable. There are normal respiratory var-

iations in amplitude, and the amplitude is within a certain empirical range. Due to

differences in the structure of the body and the instruments used, the details re-

corded will vary, but the overall shape is essentially similar.

ACG signal

ACGsignal is an electrical signal recordedby thepressure transducer, which is a change

in the surface pressure of the chest wall caused by the apex of the heart hitting the chest

wall. In fact, ACG reflects the relationship between pressure and volume of the chang-

ing left ventricle. It can accurately reflect the changes in the relative vibration of each

period of the cardiac cycle, which is of practical value.30 ACG has become a commonly

used non-invasive technique for testing cardiac function. The ACG waveform is shown

in orange in Figure 1, with Awave being the atrial systolic wave; C is the starting point of

ventricular systole, followed by the SW wave (ventricular systolic wave); E is the apex of

the SW wave, the apex of ejection; P is the turning point of the descending branch of

SW and the transition from rapid to slow ejection; S is the slow ejection wave; O is

the lowest point of the descending branch of SW and marks the opening of the mitral

valve; F is the junction point of RFW (fast filling wave) and SFW (slow filling wave), which

is also called the fast filling stop point.

FLEXIBLE SENSORS FOR CVD MONITORING

Since flexible stretchable silicon was reviewed as one of the top 10 technologies by

the MIT Technology Review in 2006,31 research on flexible sensors made of flexible

materials32–37 for human health monitoring is getting deeper and deeper. Most of

the research used for non-invasive monitoring of CVD focuses on a series of signals

generated during the beating of the heart, such as pulse waves, heart sounds, ECG,

SCG/BCG, and ACG signals. Their similarities and differences are shown in Table 2.

Pulse waves

Numerous studies have shown that the pulse signal reflects the cardiovascular status

of the human body. Pulse wave detection can be divided into applanation tonometry

and (gas or optical) plethysmography according to the principle.18 In addition to

these two types, there are two other types that are measured by accelerometer

and impedance plethysmography, but these two methods are not commonly

used.38,39 The applanation tonometry method involves fixing the pressure trans-

ducer to the superficial artery and using signal conversion to record the pulse

wave. Plethysmography is commonly used for cuff inflation measurements, where

the cuff of the sphygmomanometer is attached to the brachial and/or ankle arteries

to record the pulse wave. Photoplethysmography (PPG) is used to acquire and

analyze pulse wave signals from the digital arteries. This section focuses on the
6 Cell Reports Physical Science 2, 100541, August 18, 2021



Table 2. Principles and classification of different cardiovascular parameters

Signal
Detection
part

Signal
source

Signal
type

Sensor
requirements

Advantage/
disadvantage

Pulse
Wave

mainly
on wrist

arteries mechanical
signal

sensitive, thin,
breathable

simple but difficult to
accurately monitor

ECG twelve-lead sinus
node

electric signal low impedance,
stable, breathable

accurate, but contact
with skin

PCG aortic valve
and pulmonary
valve area

heart
valve

mechanical
signal

low noise, thin fast, non-invasive but
weak, high noise

PPG mainly on
finger

arteries photoelectric
signal

accurate,
breathable

low cost, non-invasive,
easy to operate

ACG — apex mechanical signal non-toxic simple but weak,

SCG/BCG — — mechanical signal high sensitivity non-contact but weak
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different sensing mechanisms in pressure sensing and introduces the latest develop-

ments in flexible sensors based on piezoresistance, capacitive pressure sensor, self-

powered (including piezoelectric and based on friction nanogenerators), and PPG.

Piezoresistive sensors are favored by researchers because of their low fabrication cost,

high sensitivity, and the simple process of fabricating their sensitive elements. Some

one-dimensional and two-dimensional conductive materials and conductive polymers

such as silver nanowires (AgNWs),40–43 graphene,42,44–53 Mxene,40,54–62 carbon

nanotubes (CNTs),63–66 andpolyaniline (PANI)67 have been applied to sensors formoni-

toring human pulse wave signals. The performance of the sensor is enhanced by build-

ing different sensingmicrostructures together with some substratematerials such as hy-

drogels4,55,64,67 and polydimethylsiloxane (PDMS).41,44,46,63

Ji et al.41 constructed a solidmicrodome array dual conductive layer sensor using cyclo-

hexane polydimethylsiloxane (CPDMS)/AgNWs as shown in Figure 2A. This sensor of-

fers both sensitivity and linearity, with a linear range of 0–70 kPa and a sensitivity of

924.37 kPa�1, making it a versatile wearable platform. From the perspective of bionics,

Choi’s team68 was inspired by the phenomenon of spiders using crack-like organs near

the joints of their legs to sense very small changes in mechanical stress, and fabricated

nanoscale crack sensors. Similarly, Liu et al.69 were also inspired by the cilia and cracks

of spiders and used Co and Pt to fabricate ultra-sensitive multifunctional sensors (Fig-

ure 2B). In order to reuse the sensor after damage, Liao et al.64 combined functionalized

SCNT (FSCNT) and hydrogel to obtain a self-healing and adherent epidermal sensor for

pulsemonitoring (Figure 2C). The healing ability of the sensor is 99%after 2 s, and it has

an adhesive nature due to the presence of polydopamine (PDA). In another study, Wu

et al.53 fabricated a triode-mimicking positive graphene pressure sensor (TMPGPS) by

laser engraving reduced graphene oxide (Figure 2D). This sensor is capable of repro-

ducing the blood pressure waveform of the human body from the pulse wave signal.

In addition to the carbon-basedmaterials above, Guo et al.58 used the two-dimensional

material MXene to make a degradable sensor for monitoring the human radial artery

and made an array to monitor pressure (Figure 2E). Generally speaking, piezoresistive

sensors can be designed with different structures using different materials to obtain a

function similar to skin sensing. Piezoresistive sensors of different structures and mate-

rials are shown in Table 3. In the future, wearable piezoresistive sensors will continue to

improve the sensitivity, accuracy, and detection range and will develop toward multi-

functional sensing.

One of the biggest reasons why self-powered sensors are of interest to researchers is

that they are self-powered and do not require an external power supply, which can
Cell Reports Physical Science 2, 100541, August 18, 2021 7



Figure 2. Flexible piezoresistive sensors are used for pulse wave monitoring

(A) Sensor assembly with interlocked microdome arrays (left); relative current variation of the CPDMS/AgNWDCL-based sensor with interlocked porous

dome structure (right). Adapted with permission from Ji et al.41. Copyright 2020, American Chemical Society.

(B) Schematic showing the piezoresistive cilia and cracks model inspired by the spider (left) that monitors human body motion and health-related

signals: finger bending, respiration, and wrist blood pulse (right). Adapted with permission from Liu et al.69 Copyright 2020, American Chemical Society.

(C) Self-adhered on the wrist during the human-machine interaction and healthcare monitoring (left); the tiny movement caused by pulse (right).

Copyright 2017, Wiley. Used with permission from Liao et al.64

(D) Sensor and schematic process of the low-cost and easy fabrication of TMPGPS (top); blood pressure waveforms, and values collected at carotid

artery (CA), brachial artery (BA), radial artery (RA), and dorsalis pedis artery (DPA) (bottom). Adapted with permission from Wu et al.53 Copyright 2020,

American Chemical Society.

(E) Schematic illustration of the fabrication procedure of flexible wearable transient pressure sensors with MXene nanosheets. Adapted with permission

from Guo et al.58 Copyright 2019, American Chemical Society.
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reduce energy consumption in the system.77 The self-powered mechanisms are

mainly based on the piezoelectric effect or friction-electric nanogenerators.78 In or-

der to apply this to the detection of human pulse waves, researchers have done a lot

of work to continuously improve its sensitivity and minimum detection limit to

achieve the detection of small changes in human pulse. As shown in Figure 3A, Fu

et al.79 reported a piezoelectric hydrogel to enhance the b-phase content of PVDF

by dipole interaction between PAN and PVDF. This piezoelectric hydrogel can be

used to monitor the human body radial artery. Similarly, Chu et al.80 used (fluori-

nated ethylene propylene) (FEP) and Ecoflex materials to fabricate a sandwich struc-

ture piezoelectret (Figure 3B). This sensor can imitate the pulse in traditional Chinese

medicine (TCM) and measure the pulse wave signals of three different parts—cun,

guan, and chi—on human arms at the same time. The RR interval is obtained from

the pulse wave, and then the poincare plots can be plotted using the RR interval

to distinguish people with arrhythmias from those without arrhythmias. In addition
8 Cell Reports Physical Science 2, 100541, August 18, 2021



Table 3. Flexible piezoresistive sensors are used for pulse wave detection

Ref. Electrode Active materials Structure Sensitivity Analysis Technology
41 — CPDMS/AgNWs SDA >40.34 kPa�1 no dip/spin-

coating
46 IDE PDMS/graphene micropatterns 1,875.53kPa�1 yes self-assembled
43 Ag paste AgNWs/rGO hierarchical 134 kPa�1 no Electrospinning
52 Cr/Au PTNWs/graphene band 9.4 3 10�3 kPa�1 no drop-casting
68 Cr/Pt Cr/Pt patterned

crack
1 3 105 kPa�1 no thermal

evaporation
69 Al Co/Pt cilia/crack 0.5 mV/g no magnetron

sputtering
58 IDE MXene/tissue sandwiching

porous
2.52 kPa�1 no screen

printing
64 Cu PVA/FSWCNT/PDA — — no —
44 Ag paste rGO RDS 25.1 kPa�1 no template
60 Ag paste MXene texture >178.4 no —
54 Ag MXene/serine — 107.43 yes latex assembly
62 IDE MXene/PVB — >0.2 kPa�1 no —
55 — MXene/ hydrogel — — no —
65 Ag paste SWNT protrusive 1.80 kPa �1 no spin-coated
48 Au rGO/PVDF interlocked

microdome
35 mA/Pa yes rod casting

70 Pt rGO porous 282.28 no spin-coated
50 — LSG multilayer 673 no CVD
53 Ag paste LSG sandwich 4–7 kPa�1 yes laser engraving
45 Ag graphene crisscross >500 yes CVD
51 silver paint GOLCs/KGM porous 0.28 kPa�1 no self-assembly
49 Cu CGF — 101 kPa�1 yes electrospinning
57 IDE MXene/PVANWs 3D network >147 kPa�1 no dipping-drying
71 stainless

steel
WK molecular

spring
0.30 kPa�1 yes —

72 Cu P-TDI-IP/Au interlock 3.32 kPa�1 no laser
73 Ag paste PANI/PAA/PA porous

structure
37.6 kPa�1 yes —

59 IDE MXene microspinous 151.4 kPa�1 no magnetron
sputtering

61 Au/Cr MXene/NMC interlocked 24.63 kPa�1 yes vacuum
evaporation

40 — MXene/AgNWs/
PDA/ Ni2+

brick-
and-mortar

>200 no screen-
printing

42 — GO/AgNWs/C60 lamellar 2,392.9 no screen-printing
74 Ag paste AgNP/PEDOT/paper — 0.119 kPa�1 no —
56 Cu MXene/hydrogel 3D network 80 no —
47 — PDCY/rGO double-

sided arch
— yes —

67 Cu PANI/P(AAm-
co-HEMA)

— 11 no —

75 ITO ZnO urchin-
shaped

121 kPa�1 no solution
process

76 Cu CB — 51.23 kPa�1 no drop-casting

CPDMS, cyclohexane polydimethylsiloxane; NWs, nanowires; SDA, solid microdome array; IDE, interdi-

gital electrode; rGO, reduced graphene oxide; PTNWs, PbTiO3 nanowires; PVA, polyvinyl alcohol;

SWCNT, single wall carbon nanotube; FSWCNT, functionalized SWCNT; PDA, polydopamine; PVB, poly-

vinyl butyral; PVDF, poly(vinylidene fluoride); PAN, polyacrylonitrile; LSG, laser scribed graphene; CVD,

chemical vapor deposition; GO, graphene oxide; GOLCs, graphene oxide liquid crystals; KGM, konjac

glucomannan; CGF, carbonized gelatin film; WK, wool keratin; P-TDI-IP, polytetramethylene glycol (P),

2,40-tolylene diisocyanate (TDI), and isophorone diisocyanate (IP); PANI, polyaniline; PAA, polyaniline;

PA, phytic acid; NMC, natural microcapsule; PEDOT, poly(3,4-ethylenedioxythiophene); PDCY, polyure-

thane double covered yarn; P(AAm-co-HEMA), poly(acrylamide-co-hydroxyethyl methyl acrylate); CB,

carbon black.
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Figure 3. Flexible self-powered pressure sensors are used for pulse wave monitoring

(A) PAN/PVDF hydrogel sensor for measuring the radial artery. Reproduced with permission.79 Copyright 2019, American Chemical Society.

(B) Piezoelectric sensing system for pulse wave detection. Copyright 2018, Wiley. Used with permission from Chu et al.80

(C) Schematic diagram of TENG and photograph of the size (2 cm 3 1 cm) of SUPS (left); the signal output of SUPS pressed on various artery

position(right). Copyright 2017, Wiley. Used with permission from Ouyang et al.88

(D) Structural design of the all-nanofiber TENG-based e-skin (top) and real-time monitoring of the radial artery pulse (bottom). Reproduced with

permission.89 Copyright 2020, AAAS.

(E) Schematic diagram of the structure of SANG and comparison of single-cycle pulse waveform of male and female experimenters. Adapted from Zou

et al.90 with permission from Elsevier.

(F) Schematic structure of HSPS and the capability of multifunctional cardiovascular motoring. Adapted from Chen et al.83 with permission from Elsevier.
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to the aforementioned PVDF36,81,82 and FEP,80,83 some other active materials, like

group III N compounds,84 PZT,85–87 etc., have also been used as sensitive elements.

The research on friction electrode-based sensors has flourished since 2012 when

Wang’s team91 proposed friction nanogenerators. As shown in Figure 3C, Wang’s
10 Cell Reports Physical Science 2, 100541, August 18, 2021
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team88 used inductively coupled plasma (ICP) to etch Kapton and copper film to

obtain a self-powered ultra-sensitive pulse sensor (SUPS) with a nano-scale concave

structure. The use of this sensor can accurately, wirelessly, and continuously monitor

pulse signals in the cardiovascular system in real-time. At the same time, the charac-

teristic exponent analysis of the pulse signals of patients with coronary heart disease,

atrial septal defect, and atrial fibrillation can provide indicative diagnosis and anti-

diastolic treatment for CVD. Then they made a breathable, biodegradable, and

antibacterial friction nanogenerator electronic skin.89 This sensor was made by sand-

wiching AgNWs between polylactic acid (PLGA) and polyvinyl alcohol (PVA) and

applied for whole-body physiological signal monitoring such as human pulse moni-

toring (Figure 3D). For better stability and output, Zou et al.90 fabricated a sensor

with a unique self-arching structure by adjusting the mass ratio of two silicone elas-

tomers, PDMS and Ecoflex. This sensor integrates frictional and piezoelectric effects

together for the diagnosis of arterial stiffness (Figure 3E). For the same purpose,

Chen et al.83 reported an electrostatic nanogenerator-based self-powered pressure

sensor based on hierarchical elastomer microstructures (HEM) (Figure 3F) in

response to previous studies that could not simultaneously obtain high sensitivity

and wide pressure range. This sensor has a sensitivity of up to 7.989 V kPa�1 in

the range of 0.1–60 kPa and can be used for multifunctional monitoring of cardiac

and vascular conditions. Although there have been many papers on self-powered

pressure sensors to monitor the cardiovascular status of the human body,92 it is still

a big challenge to make a fully flexible monitoring system that does not rely on

external power sources for power supply.93 A summary of the materials and struc-

tures of the sensitive components developed by the self-powered flexible sensor

for CVD monitoring reported in recent years is shown in Table 4.

Capacitor devices have relatively high-pressure strain sensitivity and are not sensi-

tive to temperature. The change of capacitance can be used to detect the change

of pressure. The capacitance can be directly energized to detect, or detected by

the natural frequency of the circuit in the detector, which does not need a power sup-

ply. Bao’s team99 recently developed a degradable in vivo sensor based on fringe-

field capacitor technology for continuous monitoring of arterial blood flow after

microvascular reconstruction surgery. They chose poly(glycerol sebacate) (PGS), a

material used in tissue engineering, as the sensitive element and selected a pyramid

structure to increase its sensitivity. A radio frequency reader was used to read the

frequency variation, and thus the blood flow information could be obtained, but

this is an invasive method for implantation. Generally, for direct detection of capac-

itance changes, the relationship between deformation and capacitance, C = εS/

4pkd (where C is the capacitance, ε is the dielectric constant of the dielectric layer,

S is the effective area of the conductive layer, k is the electrostatic constant, and d is

the thickness of the dielectric layer), is used.4,100 Most of the flexible capacitive sen-

sors are based on this formula. As shown in Figure 4A, Sudeep Sharma et al.101 used

PVDF-TrFE/MXene as the dielectric layer and the stress to simultaneously change

the ε and d of the dielectric layer for sensing. In addition to PVDF-TrFE,102 the

materials used in the dielectric layer include PDMS,103–105 polypropylene (PP),106

polyurethane (PU),107 and hydrogels,108,109 etc. For example, Zhu et al.109 employed

Nafion as a sensitive element to fabricate a capacitive sensor with an epidermal elec-

tro-ionic interface (EII) (Figure 4B). This sensor used the epidermis to form a capac-

itive layer, which achieved high-pressure sensitivity and high signal-to-noise ratio,

and it could monitor human blood pressure signals. To improve sensitivity, Zhao

et al.107 produced 3D AgNWs@TPU network composite films by electrospinning

technology (Figure 4C). Similarly, Lin et al.103 combined PDMS ion gel and PVDF-

HFP to make a capacitive pressure sensor (Figure 4D). This sensor has a low-pressure
Cell Reports Physical Science 2, 100541, August 18, 2021 11



Table 4. Flexible self-powered pressure sensors are used for pulse wave detection

Ref. Electrode Active materials Structure Sensitivity Analysis Technology
82 Au PVDF laminated 114.2 mV/mm no electrospinning
79 Cu PAN/PVDF sandwich — yes copolymerization
84 Ni/Au/

Cu/Au
III-N sandwich (0.24/0.2)

mV/um
yes layer-transfer

81 Al PVDF/HHE laminated 1,154 V/cm3 yes electrospinning
94 — PZT laminated — yes —
87 Cu PZT — — yes —
86 IDE PZT — 0.018 kPa�1 yes ILLO
85 Au PZT capacitor-type 0.005 Pa yes sol-gel
80 Al/Au FEP sandwich 32.6 nA kPa�1 yes spin-coated
95 Al PAMPS dihedral stripes 1.76 VN�1 no spin-coated
88 Cu Kapton concave 1.52 V yes ICP etching
89 Cu PLGA/AgNWs/

PVA
sandwich 0.011 kPa�1 no electrospinning

96 Ag PVDF — — yes serigraphy
90 Ag/Al PVDF/Ecoflex self-arched — yes —
83 Ag FEP/PDMS/

e-PTFE
hierarchical 7.989 VkPa�1 yes magnetron

sputtering
97 Mg SNRF/RSFF — — no —
98 Cu PVA/gelatin — — yes —

HHE, hydroxylamine hydrochloride; IDE, interdigital electrode; ILLO, inorganic-based laser lift-off;

PAMPS, poly(2-acrylamido-2-methyl-1-propanesulfonic acid); NWs, nanowires; e-PTFE, expanded

fibrous poly tetra fluoroethylene; SNRF, silk nanoribbon film; RSFF, regenerative silk fibroin film.
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range of 0.01 to 1.5 kPa. With a high sensitivity of 0.43 kPa�1, it can detect human

pulse (Figure 4E).

The pulse wave is divided into applanation tonometry and (gas or optical) plethys-

mography. The most common plethysmography is the photoelectric conversion

method based on Lambert Beer’s law.110 The detection of superficial parts of the hu-

man body such as earlobes and fingertips is called photoplethysmography (PPG).

Nowadays, the flexible PPG method mainly starts from two aspects. One is to

make use of existing integrated chips on a flexible material substrate, and the other

is to make flexible organic light-emitting materials and photosensitive materials into

flexible light-emitting diodes and flexible photodetector, respectively. On the one

hand, John’s team111,112 is committed to the design of flexible integrated systems.

They used a serpentine trace and folded island structure to combine the integrated

circuit chip ingeniously with a flexible substrate and used it instead of wired moni-

toring equipment in an intensive care unit (ICU) to monitor a baby’s ECG and pulse

wave (Figure 5A). This was conducive to better monitoring of infants. On the other

hand, as shown in Figure 5B, Polat et al.113 used graphene sensitized with semicon-

ducting quantum dots as a photodetector, which was flexible, transparent, and had

broadband wavelength sensitivity (300 to 2000 nm). In order to reduce power con-

sumption, Lee et al.114 obtained a relatively good detector layout (Figure 5D) from

the study of light reflection in skin blood vessels (Figure 5C) so that its power con-

sumption was only 10 mW (Figure 5E). For the same purpose, Xu et al.115 mixed

organic phototransistors (OPTs) (Figure 5F) and inorganic light-emitting diodes to

reduce their low power and selected infrared light as the medium to detect pulse

waves to improve the detection sensitivity. At the same time, the average systolic

blood pressure (SBP) and average diastolic blood pressure (DBP) measured by the

near-infrared hybrid PPG (hPPG) were compared to commercial reflective PPG

(cPPGG), and commercial cuff-based devices (Figure 5F). Kim et al.116 fabricated a

stretchable light-emitting diode (LED) and a stretchable photoelectric sensor based
12 Cell Reports Physical Science 2, 100541, August 18, 2021



Figure 4. Flexible capacitive pressure sensors are used for pulse wave monitoring

(A) Illustration of the pressure sensor with structure of the composite nanofibrous scaffolds (top) and its real-time monitoring of the radial artery pulse

wave (bottom). Adapted with permission of American Chemical Society.

(B) Perspective view of sensor (top left), cross-sectional view of the EII devices (top center), and the equivalent electrical circuit mode (top right); signals

detected in different parts of the body (bottom). Copyright 2018, Wiley. Used with permission from Zhu et al.109

(C) Manufacturing process diagram of the 3D AgNWs@TPU NCFs and schematic illustration of the flexible capacitive sensor (top); measurement of the

radial artery (bottom). Adapted with permission from Zhao et al.107 Copyright 2020, American Chemical Society.

(D) Illustration of the process for preparing core-shell PDMS ion gel/PVDF-HFP nanofibers and its TEM image (top); device configuration of the pressure

sensor (bottom); the real-time pressure waveforms of the measured heart rate. Adapted from Lin et al.103 with permission from Elsevier.
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on a combination of quantum dots, flexible substrates, and graphene for pulse wave

detection, and all parts of this device were flexible (Figure 5G).

The time-domain signal of the pulse wave canmore intuitively reflect the CVD status.

The Young’s modulus of the flexible sensor mentioned in the article can basically

correspond to the human skin, and the research mainly focused on the sensitivity

and linear range. However, the flexible sensor still has certain challenges in moni-

toring several characteristic points of the pulse wave, as well as the monitoring of

blood pressure and other parameters through the pulse wave. In the future, with

the in-depth research on pulse wave signals, the combination with flexible sensing

technology will be more conducive to the prevention of CVD.

PCG

Cardiac auscultation is one of the commonly used medical diagnostic methods. It

can provide valuable information about heart valve function and hemodynamics

and yield many cardiac conditions such as arrhythmias, valve disease, and heart fail-

ure. Heart sound signals play an important role in the early detection of CVD.

Recording the heart sound signal in time and amplitude is called a phonocardio-

gram. Nowadays, heart sound sensors are mainly produced from the direction of
Cell Reports Physical Science 2, 100541, August 18, 2021 13



Figure 5. Flexible PPG is used for pulse wave monitoring

(A) Images (top left) and finite-element modeling (bottom left) results for PPG devices bent around glass cylinders; a binodal (chest and foot)

deployment of skin-like wireless devices on neonate (right). Reproduced with permission.111 Copyright 2019, AAAS.

(B) Health-tracking prototypes based on GQD PDs. Reproduced with permission.113 Copyright 2019, AAAS.

(C) Schematic of the OPO sensor with the 8-shaped OPD.

(D) Cross-sectional view of ray diagrams: illustration (left) and optical simulation results (right) for the case where the substrate (PET) is directly optically

coupled to the skin (top) and not directly optically coupled to the skin due to the presence of air gap between the substrate and the skin (bottom).

(E) Comparison of the power consumption of red and green light sources of oximetry sensors. Reproduced with permission.114 Copyright 2018, AAAS.

(F) Schematic of the device structure of the flexible OPT (left); cuffless systolic blood pressure (SBP) and diastolic blood pressure (DBP) calculated from

the hPPG-ECG, cPPG-ECG, and the cuff-based values as reference (right). Copyright 2017, Wiley. Used with permission from Xu et al.115

(G) Fully stretchable optoelectronic sensors based on colloidal quantum dots for sensing PPG signal. Reproduced with permission.116 Copyright 2017,

American Chemical Society.
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miniaturization and flexibility. The miniaturization development is mainly from the

direction of micro-electromechanical system (MEMS) production. For example,

Wang’s team used silicon-based materials to fabricate double-beam-block micro-

structures (Figure 6A),117 bat-shaped (Figure 6B),118 and T-shaped (Figure 6C)119

of a MEMS heart sound sensor (Figure 6D). The signal-to-noise ratio (Figure 6E) of

the device made by the authors using a bat-shaped MEMS sensor was higher than

that of a commercial sensor from 3M. To solve the limitation that the heart sound

sensor cannot be in motion and worn on a hairy area, as shown in Figure 6F, Firat

Güder and co-workers120 made an acoustic coupling module. This acoustic coupling

module used a 3D printed PLA (polylactic acid) mold to produce a water-silicone
14 Cell Reports Physical Science 2, 100541, August 18, 2021



Figure 6. Wearable sensors are used for PCG

(A) The sensitive microstructure of the MEMS electronic heart sound sensor (left) and schematic of the cantilever beam (right). Reproduced with

permission.117 Copyright 2016, MDPI.

(B) Resistances distribution of Wheatstone bridge.

(C) T-type sensitive microstructure model.

(D) T-type MEMS heart sound sensor chip.

(E) The overall packaging of the bat-shape MEMS electronic stethoscope. Adapted from Wang et al.118 and Pei et al.119 with permission from Elsevier.

(F) Fabrication steps of the water–silicone composite transducer and the photograph of the device.

(G) Testing with healthy human volunteers (top) and the recorded sounds from the body with the water–silicone composite transducer versus

commercial stethoscope (left bottom), after bandpass filtering with a Butterworth filter (passband 20–150 Hz) (right bottom). Copyright 2020, Wiley.

Used with permission from Cotur et al.120

(H) Ultrasensitive all-nanofiber mechanoacoustic sensor, schematic (top left), the image of the sensor obtained by SEM (bottom left), optical

photograph of the sensor (top right), surface 3D microscopic image of the sensor.

(I) SNR and heart rate in BPM during the 10-h experimental period (left top); comparison of the heart signals measured by a commercial cardiac

microphone and an all-nanofiber sensor (bottom); a magnified version of the signals (top right). Reproduced with permission.121 Copyright 2020, PNAS.
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composite acoustic transducer. This transducer combined with a commercially avail-

ablemicrophone could be worn directly on the waist to record heartbeat signals. The

detected heart sound signals were superior to those collected by conventional

stethoscopes (Figure 6G). Similarly, in terms of flexibility, Takao Someya’s team121

produced an all-nanofiber mechanical acoustic sensor with high air permeability

sensitivity by electrospinning process (Figure 6H). The signal-to-noise ratio of the

signal collected by this sensor reached 40.9 dB (Figure 6I).

The research work of flexible sensors for heart sound signals is relatively limited, and

most of them are concentrated on micro-electromechanics. Since the heart sound

signal is relatively weak and susceptible to noise interference, there are still great

challenges in the sensitivity and anti-interference ability of the flexible sensor for

heart sound signal monitoring in the future.

ECG

ECG signal is a typical electrophysiological (EP) signal that can reflect CVD and is

most commonly used in clinical practice. Traditionally, a conductive gel is applied
Cell Reports Physical Science 2, 100541, August 18, 2021 15
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to the body to reduce the interfacial impedance and improve the signal-to-noise ra-

tio of the ECG signal when measured using an Ag/AgCl electrode. Since conductive

gel may cause skin allergies and the electrodes are not flexible and cannot be

attached to human skin well, researchers are beginning to study some flexible dry

electrodes to replace the traditional ones. The basic design idea of these electrodes

is based on two points: use of flexible conductive materials such as AgNWs,122,123

Au,124–126 graphene,127–129 conductive polymers,130 etc., and different structures

designed to make the electrodes flexible and breathable and to have a high

signal-to-noise ratio.

From the material point of view shown in Figure 7A, Bao’s team131 developed a flex-

ible self-healing material, PDMS–MPU0.4–IU0.6, which forms a cross-linked network

with strong (4,40-methylenebis(phenyl urea) unit, MPU) and weak (isophorone bi-

surea unit, IU) dynamic bonding units incorporated into a PDMS backbone. This

material was compounded with CNTs or AgNWs to obtain a flexible electrode

with self-healing capability, and this material was used to make a stress sensor

and a flexible light-emitting capacitor to verify a fully flexible system, respectively.

To make the flexible electrode have the function of anti-epidermal grease, He

et al.125 grafted zwitterionic poly(2-methacryl-oyloxyethyl, methacryloyl-oxyethyl,

or meth-acryloyloxyethyl phosphorylcholine) (PMPC) brush on the gold-plated

PDMS. In this way, long-term use could be achieved by simple washing (Figure 7B).

This grafted PMPC electrode did not lose signal information before and after

washing compared to the ungrafted electrode. Aiming at wearable electronic de-

vices that cannot properly adhere to the skin during exercise and are susceptible

to motion artifacts, Ershad et al.132 developed three types of electronic inks. Among

them, Ag flakes/poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (Ag-PE-

DOT:PSS) composite was used as a conductive ink, and poly(3-hexylthiophene-

2,5-diyl) nanofibrils (P3HT-NF) was used as a semiconducting ink. The gel was

used as a dielectric ink. By using these three inks, a ballpoint pen was produced

to draw ultra-conformal drawn-on-skin (DoS) electronics (Figure 7C) including strain

sensors, thin film transistors, hydration sensors, temperature sensors, heaters, and

electrophysiological sensors on the skin. The electrode monitoring ECG made in

this way will not be affected by motion artifacts (Figure 7D). From the perspective

of high conductivity, flexibility, and air permeability, Fan et al. used a facile in situ

nonequilibrium fabrication process to produce a stretchable epidermal electrode

(SEE) composed of polyurethane (PU) nanofibers and multilayer AgNWs (Fig-

ure 7E).133 This SEE had excellent mechanical conformability and permeability to

gases and liquids.

From the perspective of structural design, John’s team did a series of work starting

from the direction of the pattern structure. They chose a filamentary serpentine (FS)

structure (Figure 7F) to fabricate a conformal epidermal electronic system (EES) that

could integrate temperature sensing and tensile resistance sensing, as well as car-

diac sensing.126 Then, the processing circuit in the integrated circuit chip was

connected by this wiring pattern, and the organic flexible material was used for pack-

aging to achieve flexibility (Figure 7G).134 Later, the pioneering method was applied

to solve the multi-modal wireless signal detection in the intensive care units of in-

fants or premature infants (Figure 7H) to replace traditional wired monitoring

equipment.111,112

Flexible sensing was used in many research studies on the monitoring of ECG sig-

nals. ECG signals are also susceptible to environmental interference, so the elec-

trodes are required to have extremely low impedance. However, there are still
16 Cell Reports Physical Science 2, 100541, August 18, 2021



Figure 7. Flexible electrodes are used for ECG

(A) Schematic illustration of the fabrication process for the self-healable stretchable electrode (top); overview of the system with sensors wirelessly

communicating values to the display (bottom).131 Copyright 2018, Springer Nature.

(B) Configuration of the designed electrode (left top) and the water-enabled oil-cleaning effect (right top); the ECG signals evolution of both PMPC-

grafted and bare Au/PDMS electrodes after tested being by epidermal surface lipids and rinsed by water (bottom). Copyright 2020, Wiley. Used with

permission from He et al.125

(C) An example DoS integrated system.

(D) Recorded ECG signals (middle) from the DoS EP sensors during local stretching/releasing cycle (left) and compressing/releasing cycle (right).132

Copyright 2020, Springer Nature.

(E) Fabrication and structure of the stretchable epidermal electrode (SEE).

(F) Colorized SEM image of an EES that uses FS structures (gold). Copyright 2013, Wiley. Used with permission from Yeo et al.126

(G) Illustration of the system. Reproduced with permission.134 Copyright 2014, AAAS.

(H) Photograph of the chest and limb units on a model of a neonate in a NICU isolette.112 Copyright 2020, Springer Nature.
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certain challenges for the combination of the flexible electrode and the entire de-

vice. In the future, as silicon-based electronics with a relatively large modulus are

converted into flexible components with a relatively small modulus, the applicability

of wearable ECG monitoring will be greatly improved.
SCG/BCG and ACG

In addition to the above-mentioned more common signals that can reflect the car-

diovascular status, SCG/BCG and ACG signals can also reflect the cardiovascular

status of the human body. The SCG signal refers to the recording of chest wall vibra-

tion caused by the heart, the BCG is the recording of the body’s reaction force when

the heart injects blood into the blood vessels, and the ACG is a graphical
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representation of the low-frequency vibration caused by the apical beats recorded at

the apical part of the heart. In the past, research on themwas mainly carried out from

the aspects of instruments and algorithms.135,136 With the development of flexible

electronics and integrated circuits, the research direction has expanded, which

has greatly promoted the development of CVD monitoring.

The monitoring of SCG signals is mostly recorded by three-axis acceleration.137 As

shown in Figure 8A, John’s team138 integrated accelerometers and capacitive elec-

trodes into a soft, conformal-like device to record SCG and ECG signals (Figure 8B).

In addition to continuously monitoring the blood flow of the left ventricular assist

device (LVAD) pump speed, this device can also be used for voice recognition. In

addition, Gupta et al.139 (Figure 8C) applied a unique high-precision fabrication

technique, namely high aspect-ratio combined poly- and single-crystal siliconmicro-

machining technology (HARPSS), to fabricate accelerometer contact microphones

(ACM) (Figure 8D) that can monitor SCG (Figure 8E), cardiopulmonary sounds, res-

piratory rate, heart rate, body movement, and position. The multimodal data sensed

by this integrated MEMS sensor provided multi-dimensional health data for the

calculation of HRV and inter-beat intervals (IBIs), which can monitor the human

body better. To solve the non-stretchable characteristics of SCG based on rigid ac-

celerometers, Lu’s team140 selected PVDF as the SCG sensing material and used the

cut-and-paste fabrication method to simply and quickly fabricate a soft electro-me-

chano-acoustic cardiovascular (EMAC) electronic tattoos (e-tattoos).

For ACG signals, You et al.141 chose Au nanoparticles and elastomer PDMS to make

a stretchable electronic skin ACG strain sensor (Figure 8G). This kind of sensor was

made of a dry rubbing process with high sensitivity under small strain and excellent

stability under large strain. Since ACG is a vibration produced by apex beats, it can

also be measured with a pressure transducer. The sensor made in this way can mea-

sure not only ACG signal but also pulse wave signals. For example, Guo et al.102

used the anodized aluminum template method to make a low-cost flexible capaci-

tive pressure sensor (Figure 8H) for ACG detection (Figure 8I). This sensor selected

P(VDF-TrFE) as the dielectric layer with high sensitivity (0.35 kPa�1), wide operating

range (4 Pa to 25 kPa), short response time, and excellent durability.

There are relatively few studies on flexible sensors used in SCG/BCG and ACG signal

monitoring compared to pulse wave and ECG signals. In monitoring SCG/BCG and

ACG signals, there are still relatively big challenges in terms of sensitivity. With the

deepening of research on signals and CVD, the future flexible sensor monitoring of

SCG/BCG and ACG signals will promote the prevention of CVD.

Other types

Besides body surface signals and electrophysiological signals caused by heartbeat,

researchers also monitor the human body through methods such as temperature

sensing, optical fiber sensing, and organic triode.142 Gao et al.143 used thermochro-

mic liquid crystal (TLC) materials to make epidermal thermochromic liquid crystals

(e-TLCs) (Figure 9A) to obtain a map of blood vessel temperatures. The accuracy

of the sensor has reached millikelvin precision (G50 mK). The epidermal photonic

systems represented by the e-TLC device provide a powerful potential for character-

izing the skin, which in turn provides important parameters for determining cardio-

vascular health and physiological status. In addition, Webb et al.144 reported a ring

temperature measurement device made of Cr/Ag wires. In the middle of the device,

there was a thermal actuator that served as a heating element, and a total of 14 ther-

mometers (Figure 9B) were placed at 45� intervals around two circles on the sides to
18 Cell Reports Physical Science 2, 100541, August 18, 2021



Figure 8. Flexible sensors are used for SCG/BCG or ACG

(A) Schematic illustration of an epidermal mechano-acoustic–electrophysiological measurement device.

(B) Plot of ECG (top) and heart sound (bottom) signals measured simultaneously. Reproduced with permission.138 Copyright 2016, AAAS.

(C) Hermetically sealed sensor with nanogaps for cardiopulmonary health monitoring.

(D) COMSOL multiphysics simulation.

(E) Time domain plot of measured SCG signal.139 Copyright 2020, Springer Nature.

(F) Stretchable EMAC sensing tattoo for continuous BP estimation. Copyright 2019, Wiley. Used with permission from Ha et al.140

(G) Schematics of ACG measurement and sensor system, and the typical ACG contour (left), ACG profiles of the sensor (right). Copyright 2016, Wiley.

Used with permission from You et al.141

(H) Assembly of the capacitive pressure sensor by incorporating copper as the electrodes and PI as the encapsulation layers.

(I) Obtained capacitance responses corresponding to the ACG waveforms for the situation before and after exercise. Reproduced with permission.102

Copyright 2019, American Chemical Society.
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obtain the relationship between temperature and blood flow velocity. This device

could measure blood flow in a deeper position than traditional methods (Figure 9C).

Different from the conventional principle of measuring pulse waves, as shown in Fig-

ure 9D, Fu et al.145 used structured Ag particles and PDMS to make piezothermic

transduction. The sensor consists of two parts: an Ag/PDMS composite material

on top and a Pt/Cr central and peripheral band on the bottom. The sensor is based

on a characteristic of this composite, that its thermal conductivity can change with

pressure. The authors used a constant temperature difference (CTD) feedback circuit

to measure the change in resistance due to temperature change and ultimately the

change in voltage. Because the commonly used electronic components for pulse

measurement were subject to electromagnetic interference, Wang et al.146 made
Cell Reports Physical Science 2, 100541, August 18, 2021 19



Figure 9. Other types of sensors are used for CVD

(A) Images of an e-TLC device (left); three-dimensional rendering of the temperature distribution (right).143 Copyright 2014, Springer Nature.

(B) Schematic illustration of the device layout.

(C) Raw data from a device applied to an area above a large vessel. Reproduced with permission.144 Copyright 2015, AAAS.

(D) Configuration of the pulse monitoring system. Copyright 2019, Wiley. Used with permission from Fu et al.145

(E) Schematic diagram of optical fiber pulse sensor (top), structural design of wearable pulse sensor (bottom). Copyright 2019, Wiley. Used with

permission from Wang et al.146

(F) Optical fiber pen-like probes based on intensity modulation (top), and central arterial pressures profiles of subject 1 in the resting position (R),

immediately after exercise (AE), and 2 and 4 min after exercise (AE2 and AE4, respectively) (bottom).

(G) Comparison of the average pulses of morning and afternoon for each subject.147 Copyright 2016, Springer Nature.
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an optical fiber sensor using aluminum film as a sensitive component to measure

pulse waves through a coherent phase detection method (Figure 9E). Leitão

et al.147 reported a single fiber Bragg grating (FBG) sensing device. Plastic optical

fiber (POF) was used in this device, and the sensor was a pen-like probe. It was

used to measure pulse waves 2 and 4 min after resting and exercise (Figure 9F).

Mean carotid arteries were also measured in the morning and afternoon over the

course of a week in five subjects, and differences in HR were found to only alter dias-

tole (Figure 9G).

Here, we introduced temperature signal and some special methods using the

coherent phase principle of light to obtain cardiovascular status. In addition to

some of the methods described above, there are also signals and parameters

such as blood glucose to obtain the cardiovascular status of the human body.

Different methods to obtain cardiovascular status have their own advantages and

disadvantages. In the future, multiple methods and dimensions to assess cardiovas-

cular status will greatly increase the accuracy of the assessment. The more informa-

tion, the more accurately the cardiovascular status of the human body can be

obtained.
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CONCLUSIONS AND OUTLOOK

In this review, we focused on five types of signals that can reflect CVD and related

wearable flexible sensors and devices. In terms of pulse wave, some time-domain

parameters that can reflect heart function and peripheral vascular conditions were

summarized. Since different types of signals could be generated during the heart-

beat, such as pulse wave, PCG, ECG, and other signals, it is particularly important

to collect these signals. In the design and research of flexible sensors, the sensitivity

and sensing range were continuously expanded mainly from the selection of mate-

rials and structural design. The combination of multi-modal sensing mechanism and

flexible sensing brought more choices for cardiovascular health monitoring. For

example, in the flexible sensors monitoring the ECG signals, the integrated circuit

and flexible material were combined to construct the entire practical device, which

brought certain inspiration and ideas for the commercialization of flexible sensors. In

addition, the vigorous development of MEMS technology would be more conducive

to wearable devices for CVD monitoring.

Although the conformal structural design and material design that fit the skin have

brought opportunities for wearable medical care, the prevention of CVD still re-

quires continuous research and exploration. Due to the diversity of the information

brought by the heart and blood in CVD, the conditions of the heart and blood vessels

can be reflected through pulse waves, ECG, PCG, SCG/BCG, and ACG. Nowadays,

the design of flexible sensing mainly focuses on pulse waves and ECG. There are few

studies on flexible sensing materials in the areas of PCG, SCG/BCG, and ACG. Most

of the sensors that have been reported can acquire only one signal. Although there

are some that can detect two kinds of signals, the acquirde signals are more affected

by noise, and basically stay in the laboratory. Starting from basic materials and de-

vices, the new constructed wearable devices can be more conformable to human

skin than commercial ones. In addition, the complexity of CVD requires that the

target of flexible sensor monitoring is multi-modal signals. In the future, research

on monitoring human multi-modal signals by flexible wearable devices will start

from the materials of the sensor, to the device, and finally to the signal analysis.

Combined AIoT (artificial intelligence and Internet of Things) technology will be

more conducive to the early prevention of CVD, making human cardiovascular

health monitoring more accurate and personalized and bringing benefits to human

life and health.
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