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electrocardiograph (ECG),[4] phonocardio-
gram,[5] ambulatory blood pressure,[6] and 
sphygmograph[7] offers new opportunities 
in cardiovascular diseases prevention by 
the long-term monitoring of physiological 
signal. Pulse sensors have received exten-
sive attention because of their noninva-
sive and convenient in usage. Nowadays, 
most widely used technologies for pulse 
measurement are photoplethysmography 
(PPG) and piezoelectric pulse transducer 
(PPT). However, the conventional pulse 
measurements of PPT and PPG are rarely 
employed directly, due to the difficulties 
in reading and analysis. After an opera-
tion of second derivative, the pulse meas-
urements are often used to evaluate the 
heights of each wave and recognize the 
changes in the pulse waveforms for its 
simplicity.[8] Additionally, PPG is too sensi-
tive and vulnerable to body movement and 
ambient light variation. Thus it is difficult 
to precisely measure pulse rates.[9] PPT 

is possibly limited by the low sensitivity and high cost. Fur-
thermore, the energy consumption of the sensor is remained 
as a challenge for the miniaturization and weight reduction 
of mobile physiological signal monitoring system. Therefore, 
developing a self-powered, high-sensitivity, and low-cost pulse 

Cardiovascular diseases are the leading cause of death globally; fortunately, 
90% of cardiovascular diseases are preventable by long-term monitoring 
of physiological signals. Stable, ultralow power consumption, and high-
sensitivity sensors are significant for miniaturized wearable physiological 
signal monitoring systems. Here, this study proposes a flexible self-powered 
ultrasensitive pulse sensor (SUPS) based on triboelectric active sensor with 
excellent output performance (1.52 V), high peak signal-noise ratio (45 dB), 
long-term performance (107 cycles), and low cost price. Attributed to the cru-
cial features of acquiring easy-processed pulse waveform, which is consistent 
with second derivative of signal from conventional pulse sensor, SUPS can be 
integrated with a bluetooth chip to provide accurate, wireless, and real-time 
monitoring of pulse signals of cardiovascular system on a smart phone/PC. 
Antidiastole of coronary heart disease, atrial septal defect, and atrial fibrilla-
tion are made, and the arrhythmia (atrial fibrillation) is indicative diagnosed 
from health, by characteristic exponent analysis of pulse signals accessed 
from volunteer patients. This SUPS is expected to be applied in self-powered, 
wearable intelligent mobile diagnosis of cardiovascular disease in the future.

Triboelectric Sensors

Cardiovascular diseases are one of the leading causes of 
death globally. It resulted in 17.3 million deaths (31.5%) in 
2013 up from 12.3 million (25.8%) in 1990.[1] However, it is 
estimated that 90% of cardiovascular diseases are prevent-
able.[2] The invention of various medical sensors[3] based on 
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sensor which can directly acquire easy-processed pulse signal is 
urgent and significantly important.

Most recently, triboelectric nanogenerator (TENG) has been 
invented as a promising energy conversion approach for sus-
tainable and continuous driving personal electronics.[10] It has 
been demonstrated that biomechanical energy could be har-
vested and converted into electric power through TENG.[11] 
Moreover, abundant physiological and biomedical informa-
tion are contained in the electrical outputs of TENG, pro-
viding a self-powered active sensor for detecting biomechanical 
motion.[12]

Here, we propose a flexible, self-powered ultrasensitive pulse 
sensor (SUPS) based on triboelectric active sensor with excel-
lent output performance, high peak signal-noise ratio (PSNR), 
ultrasensitive, and low cost (Table 1).[13] The SUPS can directly 
acquire voltage signal consistent with second derivative of 
conventional pulse signal without complex circuit design, 
mathematical operations, and the resulting error. A bluetooth 
chip enables wireless data transmission, and the pulse wave-
form is displayed on the intelligent terminals (smart phone or 
computer) in real time (Videos S1 and S2, Supporting Infor-
mation). SUPS can provide accurate, wireless, and real-time 
monitoring of physiological information for cardiovascular dis-
eases based on pulse signal. Through characteristic exponent 
analysis including heart rate variability (HRV) Poincare plot, 
time-domain HRV indexes, pulse contour analysis of these 
signals accessed from volunteer patients who have coronary 
heart disease (CHD), atrial septal defect (ASD), and atrial fibril-
lation (AF), SUPS provides indicative diagnosis and antidias-
tole to cardiovascular diseases. Pulse wave velocity (PWV) was 
also measured by simultaneously use two SUPSs, which can 
be used to indicate the degree of arteriosclerosis. This SUPS 
is expected to be applied in self-powered, wearable intelligent 
mobile diagnosis, and prevention of cardiovascular disease in 
the future.

The as-fabricated SUPS consists of two friction layers, elec-
trode layers, and spacer, with all device structures were encap-
sulated inside by elastomer (Figure 1a). Nanostructured Kapton 
(n-Kapton) thin film (20 mm × 10 mm × 0.1 mm) as employed 
as one triboelectric layer. An ultrathin Cu layer (50 nm) was 
deposited on the back side of the Kapton film to form one of 
the electrodes. At the same time, an ultrathin Cu film (50 nm) 
was deposited on the previous n-Kapton film to obtain a nano-
structured Cu (n-Cu) film (Figure S1a, Supporting Informa-
tion) served both as the other triboelectric layer and electrode 
(Figure 1b,c). The entire device was packaged by a flexible poly-
dimethylsiloxane (PDMS) layer (0.3 mm) to enhance its struc-
tural stability (Figure S1b, Supporting Information).[14]

The operating principle of the SUPS is based on the cou-
pling of contact electrification and electrostatic induction. As 

shown in Figure 1d, when an external force is applied, two tri-
boelectric layers were brought into contact with each other, and 
contact area that related to external forces were changed. Sur-
face charge transfer then take place at the contact area due to 
triboelectrification effect. The electrons were transferred from 
the surface of n-Cu onto n-Kapton, resulting in net negative 
charges at the n-Kapton surface and net positive charges at the 
n-Cu surface, respectively. When the external force is released, 
in order to balance the electric potential difference established 
by the tribocharges on the n-Cu and n-Kapton films, the elec-
trons in the attached Cu induction electrodes and n-Cu will be 
driven to flow back and forth through the external circuit, thus 
contributing to an electrical signal modulated by external force. 
The device with concave structures made contact electrification 
and electrostatic induction simultaneously, ensuring a good 
corresponding between external force and electrical signal of 
SUPS. Furthermore, a higher PSNR may attribute to the con-
tinuous contact of two friction layers, the artifact due to dis-
continuous contact was vanished. All of the above features and 
advantages lay a foundation to the further physiological and 
pulse signal detection.

The surface nanoarchitectures of two friction layers are 
important for the output performance of SUPS. A linear motor 
with the vertically compressive force about 50 N was employed 
to measure the electrical output of various friction layers, the 
flat Kapton, flat Cu, n-Kapton, and n-Cu were selected in pairs 
to compare the electrical output. As shown in Figure 2a, the 
output voltage, current, transferred charge of group n-Kapton 
and n-Cu were up to ≈109 V, 2.73 µA, and 7.6 nC, respectively. 
However, the group of flat Kapton and n-Cu, n-Kapton and flat 
Cu, flat Kapton and flat Cu, were decreased to 85 V, 1.71 µA, 
and 6.4 nC; 48 V, 0.84 µA, and 5.8 nC; 21 V, 0.39 µA, and 
1.9 nC, respectively. Additionally, the real-time voltages, cur-
rent, and transferred charge on radial arteries were recorded. 
When SUPS was pressed on the radial arteria of a 24 year old 
man, the voltage, current, transferred charges of the group of 
n-Kapton and n-Cu were 1.52 V, 5.4 nA, and 1.08 nC, signifi-
cantly higher than other groups (Figure 2b). These differences 
may attribute to that the actual contact area of friction layers is 
further increased owing to the flexible nanostructures, and the 
charge transfer was promoted by the tip discharge effect of the 
nanoelectrode.

In order to present an intuitive view to the ultrasensitivity 
of SUPS, a honeybee with the low amplitude was employed 
to test (Figure 2c). The SUPS can reliably detect the mechan-
ical vibration signals of honeybee wings and converted it into 
electrical signals. The output voltage was up to 0.5 V and the 
frequency is consistent with the vibration frequency of the 
honeybee wings[15] (Figure S2a,b, Supporting Information). 
In addition, SUPS can accurately detect 10 kHz mechanical 
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Table 1.  The peak signal to noise ratio, electric output, power consumption, response time, and cost comparison between SUPS, PPT, and PPG.[13]

Peak signal-to-noise ratio  
[dB]

Electric output  
[mV]

Power consumption  
[µW]

Response time  
[µs]

Cost price  
[$]

SUPS 45 1520 0 <50 0.2

PPT 26 12 0 <50 2

PPG 23 / 425 <1000 1
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vibration signals from a small loudspeaker and converted it 
to electrical signals real-timely. The response time is as fast as 
50 µs (Figure 2d). Generally, high-sensitive sensor was typically 
vulnerable to the overload external mechanical, so the long-
term overload output performance and stability of SUPS were 
measured. Linear motor with a constant external mechanical 
force output of 30 N was used. The applied constant external 
mechanical force was more than 100 times of pulse pressure. 
As shown in Figure 2e; Figure S2c (Supporting Information), 
after one million working cycles, the open-circuit voltage of 
the SUPS was maintained stable at 20 V compared with its ini-
tial state, exhibiting its outstanding durability and stability. In 
addition, statistical analysis was also used to access the output 
voltage for 0.5 million cycles of triggering, and it showed no 
significant degradation (P > 0.1055; Figure S2d, Supporting 
Information).

Currently, the most persuasive pulse sensor used in clin-
ical medicine was PPG. So to evaluate the reliability and 
match quality of SUPS in pulse wave monitoring, SUPS, PPT, 
(HK2000A) and PPG (TSD270B) were employed to compare 
with ECG (ECG100C). Traditionally, R–R interval of ECG is 
widely perceived as a sign of heartbeats, and was recognized as 
the reference standard for the accuracy and reliability of pulse 
sensor in tracking heart rate. As shown in Figure 3a, the peak 
waves of voltage output (SUPS, PPT, PPG) are synchronous 
to corresponding R waves in ECGs. Afterward, the linearity 

between R–R intervals measured by ECG (R–RECG) and peak 
intervals measured by the SUPS (P–PSUPS), PPT (P–PPPT), PPG 
(P–PPPG) were detected, respectively. In Figure 3b–d, the data 
points (R–Rn, P–Pn) are shown as points while a linear fit is 
shown as a solid line. It showed a high linearity in R–RECG and 
P–PSUPS, and the R2 was 0.981 (Figure 3b), which was higher 
than values of 0.918 and 0.970 for PPT and PPG, respectively. 
These results demonstrated the accurate heart rate monitoring 
function of SUPS for heartbeats and revealed the potential of 
SUPS use in clinical medicine for pulse measurement.

The relationship and match quality between the signals of 
PPT, PPG, and SUPS were further detected using differential 
analysis techniques. As shown in Figure S3a in Supporting 
Information, the feature points (S, P, T, C, D) of PPT and its 
second derivative were strictly accordance with SUPS. And the 
R2 was up to 0.9702 between SUPS and second derivative of 
PPT (Figure S3b,c, Supporting Information). Besides, the fea-
ture points (a–g) of SUPS were also consistent strictly with 
second derivative of PPG in timeline, there only have some dif-
ferences in amplitude.[8,16] It may result from the differences 
in measurement location and principle (Figure S4a, Supporting 
Information). Since SUPS was attached on wrist and PPG was 
fixed on the finger (Figure S4b, Supporting Information) to 
acquire pulse signal.

In order to demonstrate the indicative diagnosis and antidi-
astole of SUPS to cardiovascular diseases, the pulse waveform 

Adv. Mater. 2017, 29, 1703456

Figure 1.  Structure, working principle, flexibility, and pulse signal output of SUPS. a) Schematic diagram of BD-TENG. b, c) SEM and atomic force 
microscopy (AFM) images of the nanostructure on the Cu and Kapton film, respectively (scale bar, 1 µm). d) Schematic diagram of the working prin-
ciple of SUPS. e) Photograph of the bent SUPS demonstrating its good flexibility. f) Photograph of the size (2 cm × 1 cm) of SUPS. g, h) The real-time 
signal outputs when SUPS are placed over the finger and radial artery, respectively.
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of eight persons in health group, six persons in CHD group, 
three persons in AF group, and three persons in ASD group 
were selected and analyzed. All volunteer patients are tested in 
Beijing Chaoyang Hospital and Beijing Anzhen Hospital, signed 
informed consent was obtained for each participant according 
to institutional guidelines before the procedure commenced. A 
mathematical “remodeling” based on the feature points make the 
crude pulse waveform curve acquired from SUPS more easy to 
compare and analyze. The postsignal processing procedures was 
firstly carried out and shown in Figure S5 in Supporting Infor-
mation. After that, the feature points (a–g) were determined by 
characteristic peak analysis. Then the data of pulse signal were 
carried out normalization processing as follow. Time (t) serve as 
horizontal axis and amplitude (A) serve as oriental axis. Here 

tin Tin Tbn= − 	 (1)

Ain
Vin

Vbn
=

	
(2)

A
n

n
k Ain∑= =

1
1

	
(3)

t
n

n
k tin∑= =

1
1

	
(4)

where T represents time, i represent a–g, respectively 
(Figure 4a), n is the number of pulse cycles. Ten pulse cycles 
of each case was analyzed. Second, the pulse contour signals 
of different groups were remodeled according to the distribu-
tion of feature points. The points were distributed in similar 
region of same group (Figure 4a–d). However, it has obvious 
differences between health and unhealthy group (Figure 4e). 
For example, dt  of CHD group smaller than health group, 
because atherosclerosis caused the velocity of tidal wave 
increased. And it is more easily combined with pattern rec-
ognition and big data, which are the basis for artificial intel-
ligence to apply in intelligent diagnosis of cardiovascular 
disease in the future.
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Figure 2.  Electrical output modulating of SUPS by changing the surface structure of friction layers. a) The output voltage, current, and transferred 
charge of SUPS driven by a linear motor with different structure of friction layers. b) The output voltage, current, and transferred charge of SUPS 
pressed on the radial artery with different structure of friction layers. c) The optical image of bee wings on the SUPS, with the output performance 
driven by the bee wings (frequency, ≈200 Hz) display on the oscilloscope in real time. d) The output voltage of SUPS with the extremely high frequency 
of 10 KHz. e) Stability tests of SUPS.
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HRV is the physiological phenomenon of variation in the 
time interval between heartbeats, it is a powerful predictor of 
cardiovascular illness and death available.[17] The geometry of 

HRV Poincare plot has been shown to distinguish between 
healthy and unhealthy subjects in clinical settings.[18] As shown 
in Figure 4f–j, the time intervals of P–Pn served as the horizontal  

Adv. Mater. 2017, 29, 1703456

Figure 3.  The pulse measurement and the linear fitting analysis of SUPS, PPT, and PPG compared with ECG. a) The comparison of working signals 
between ECG, SUPS, PPT, and PPG pulse sensors. The linear relationship of b) SUPS, c) PPT, and d) PPG with ECG through the analysis of R–R interval.

Figure 4.  The case analysis results used SUPS. The point distribution and Poincare plot of a,f) Health, b,g) CHD, c,h) ASD, and d,i) AF. The comparison 
of e) point distribution and j) Poincare plot between health and cardiovascular diseases. k) The systolic and diastolic of heart schematically illustrating 
the working principle of IABP. l) The radial artery signals of a patient with the various working mode of IABP.
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axis and P–Pn+1 served as the vertical axis. The Poincare 
plot of a healthy sample (Figure 4f) and a patient with CHD  
(Figure 4g), ASD (Figure 4h), and AF (Figure 4i) were con-
structed based on radial artery pulse acquired from SUPS. 
Meanwhile, SUPS achieved the more accurate Poincare plot 
contribute to the high linearity of P–P interval and R–R interval 
obtain from SUPS and ECG respectively. The geometry of Poin-
care plot depends on HRV, which regulated by vagal and sym-
pathetic activity.[19,20] From Figure 4f we can see that the healthy 
subject has a comet or ellipse shaped Poincare plot. However, 
a patient with CHD has a shorter width and length Poincare 
plot geometry compared with healthy person as shown in 
Figure 4g,j. It was reported a longer length before according 
to the analysis result of ECG,[21] it may be caused by the vari-
ation of individual. In addition, an ASD subject has a relative 
ellipse shape and shorter length (Figure 4h,j) Poincare plot 
geometry.[20] The geometry of a patient with AF (Figure 4i,j) 
was irregular, and obvious difference of Poincare plot between 
health and case samples makes SUPS a useful tool in antidias-
tole of cardiovascular illness.

Besides, SUPS was tested by a case that implanted intraaortic 
balloon pump (IABP), whose cardiovascular system was regu-
lated through open and close of the balloon pump. The opera-
tion principle of IABP was shown in Figure 4k. The radial 
artery pulse at various operational modes of IABP (1:0, 1:1, and 
1:2) were acquired and compared in Figure 4l. At the working 
mode of 1:0, IABP did not work and closed. At the working 
mode of 1:1, when the heart diastole and systole, the balloon 
pump open (light blue) and close (gray) at the same time as 
shown in the middle of Figure 4l. At the working mode of 1:2, 
the heart diastole and systole without balloon pump working 

at the first respiratory cycle (gray), and then the balloon pump 
open and close with the heat diastole and systole at the second 
respiratory cycle (bottom of Figure 4l).[22] SUPS can detect the 
variation of pulse wave, when the cardiac load or vascular pres-
sure was altered. It is laid the foundation of indicative diagnosis 
and antidiastole to cardiovascular disease.

Three time-domain HRV indexes defined as SDNN index 
(mean of the standard deviations of all normal sinus R–R 
intervals for all 5 min segments), root-mean-square of succes-
sive normal sinus R–R interval difference (RMSSD), and the 
percentage of successive normal sinus R–R intervals >50 ms 
(PNN50) were calculated from the time series of R–R intervals 
based on radial artery pulse acquired from SUPS. As presented 
in Figure 5a–d, the REF (refrence) groups were referred to the 
reference range of the normal person,[23] and the health groups 
were referred to the healthy subjects in our samples. Similarly, 
the SDNN index, RMSSD, and PNN50 of the ASD group were 
all reduced and have statistical difference (P < 0.01, P < 0.05, 
P < 0.01), it may cause by the autonomic nervous dysfunction. 
The SDNN index, RMSSD, and PNN50 of AF group were all 
increased significantly and have statistical difference (P ≪ 0.01, 
P ≪ 0.01, P < 0.01), it relate to the severe arrhythmias. The 
SDNN index of CHD groups was reduced compared with health 
group and has statistical difference (P < 0.05), PNN50 was 
reduced but has no statistical difference (P = 0.31) and RMSSD 
was slightly increase, which have a little difference from the 
previous report,[24] possibly caused by the too little sample size. 
Furthermore, the heart rate (HR) was also calculated. Through 
the time-domain analysis of HRV, we can indicate that SUPS 
was a powerful tool for indicative diagnosed of arrhythmia 
(atrial fibrillation) by time-domain HRV indexes analysis.

Adv. Mater. 2017, 29, 1703456

Figure 5.  The comparison analysis of heart rate variability, artery stiffness, and LV ejection capacity between health and patients with cardiovascular 
disease. HRV analysis through time-domain statistical analysis used a) SDNN, b) RMSSD, c) PNN50, and d) HR. Artery stiffness analysis assessed 
through e) SI, and h) SLcf. Additional load and ejection capacity of LV measured by f) AIx and g) c/e. All the data (health to AF) are means ± SD; sta-
tistics by two-tailed unpaired t-test; in HRV analysis n = 8 independent cases (health), n = 6 independent cases (CHD), and n = 3 independent cases 
(ASD, AF). In pulse contour analysis n = 80 pulse cycles (health), n = 60 pulse cycles (CHD), and n = 30 pulse cycles (ASD, AF), 10 pulse cycles for 
each cases. P-values were calculated by t-test. *P < 0.05, **P < 0.01, ***P < 0.001 versus control.

 15214095, 2017, 40, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201703456 by U
niversity O

f C
hinese A

cadem
y O

f Science, W
iley O

nline L
ibrary on [30/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1703456  (7 of 10)

www.advmat.dewww.advancedsciencenews.com

Furthermore, other indexes based on pulse contour analysis 
were used to distinguish and antidiastole of cardiovascular ill-
ness. Therefore, an index of large artery stiffness (SI) was used 
to assess the clinical applicability of SUPS. SI was obtained 
from subject height and the time delay between direct and 
reflected waves in the radial artery pulse[25]

SI
H

T
=

∆ 	 (5)

Here, H is the height of the person, ΔT is time delay between 
direct wave and reflected wave, ΔT = Td − Tb. As shown in 
Figure 5e and Table 2, SI of CHD were higher than health, and 
have statistical difference (P ≪ 0.01).

Aortic augmentation index (AIx) has been proposed as an 
index of additional load of left ventricle (LV),[26] and is associ-
ated with cardiovascular risk. AIx was defined as the increment 
in pressure from the first systolic shoulder (inflection point) to 
the peak pressure of the aortic pressure waveform,[27] which is 
dependent on the length of respiratory cycle and HR 

AIx
c d e f

b
A A A A

A
= − − −

	
(6)

Here, Ai is amplitude, i are refer to the feature points of 
SUPS a–g, respectively (Figure 4a). Patients with ASD whose 
blood flow between atria of the heart instead of ventricle, 
resulted in the change of additional load of LV. Hence, AIx of 
ASD patients were obtained as shown in Figure 5f and Table 2, 
it was significantly higher than that of healthy men, and have 
distinct statistical difference (P ≪ 0.01). From all above, antidi-
astole to ASD can be made through the variation of AIx.

Moreover, a more compact index was selected to evaluate the 
LV ejection capacity, which was c/e

c e A A= −/ e c 	
(7)

As shown in Figure 5g and Table 2, the c/e index of ASD was 
far more below the health group because of the defect of atrial 
septal, since the low-pressure overload of the right atrium for 
the patients with ASD.[28] c/e can be a critical substitution index 
of AIx to antidiastole ASD. Ulteriorly, integrate the analysis 
result of AIx and c/e, more accurately antidiastole to ASD can 
be achieved through the pulse wave data acquired from SUPS.

In addition, we provided another parameter to evaluate the 
arterial stiffness to substitute or combine with SI to antidiastole 
CHD. As mentioned above, c is the percussion wave, the LV 
blood ejection was transmitted by the elastic arterial wall, f is 
the dicrotic wave, a reflective oscillatory wave occurring when 

the blood injects into the aortic valve by pressure in the aorta. 
The time parameter of feature point (Ti) can be used in assess-
ment of disease and illness, owing to the high accuracy of fea-
ture points in time measured by SUPS. Hence, SLcf was put 
forward and can be act as an indicator of arterial elasticity 

SLcf
Af Ac

Tf Tc
= −

−
	

(8)

Ti refers to time. As shown in Figure 5h and Table 2, SLcf of 
CHD was higher than health group obviously, and has signifi-
cantly statistical difference (P ≪ 0.01).

As mentioned above, SUPS have high resolution in time; 
therefore, it has unique advantage in PWV measurements. 
PWV was accepted as the robust, simple, and reproducible 
method to determine the regional arterial stiffness. Hence, 
PWV was measured by use two sensors at different positions on 
the radial artery of the wrist simultaneously, two sensors were 
apart from 4.5 cm. This distance divided by the time interval 
associated with a definite peak (feature point of b) in the wave-
form determined PWV of the regional artery. Here, the PWV 
is different from the commonly used abPWV (ankle-brachial 
PWV) and cfPWV (carotid\-femoral PWV) in clinical. Due to 
the high resolution in time, our SUPS is expected to be applied 
for regional artery PWV measurement, which will be more 
convenient and accurate. In order to demonstrate the ability 
of SUPS to perceive changes of PWV, the PWV of a 24 year 
old man before and after exercise (jogs 500 meters) were meas-
ured. The PWV increased from 8.92 ± 1.50 to 10.83 ± 1.77 m s−1  
where the time separation is 5.04 and 4.15 ms, respec-
tively (Figure 6a–c). The changes of PWV value measured by 
SUPS (21.4%) were comparable with the typical PWV change  
(11.6 ± 8.3%) measured by tonometry before and after iso-
metric exercise.[29]

The key features of a wireless pulse sensor system were 
exploits bluetooth technology to monitor pulse waveform 
through SUPS. A block diagram of the functional components 
in wireless pulse sensor system is presented in Figure 6d. A 
wireless link established by 2.4 GHz RF associated with the 
sensor system and an external device, such as smartphone, 
tablet, and PC. This system integrates components of SUPS, 
analog-digital conversion (ADC, 16-bit), 8M-bit data storage, 
and bluetooth chip. The ADC digitizes the output of SUPS and 
the bluetooth chip enables wireless data transmission.

The quality of the pulse signal is significant dependent on 
the sensor-skin interfaces.[30] The shape and geometry of the 
human body are typically irregular and complex. The SUPS 
can be adapted to various human body regions as benefited 
from its flexibility and ultrasensitivity (including the carotid 

Adv. Mater. 2017, 29, 1703456

Table 2.  Statistical analysis and comparison of SI, AIx, c/e, and SLcf between health, CHD, ASD, and AF. P-values were calculated by t-test. *P < 0.05, 
**P < 0.01, ***P < 0.001 versus control.

Mean SD P Mean SD P Mean SD P Mean SD P

Health 9.49 0.66 −0.61 0.26 0.38 0.16 3.34 0.90

CHD 12.59 1.19 *** −0.21 0.15 *** 0.27 0.10 *** 6.35 1.40 ***

ASD 10.28 0.33 * −0.05 0.09 *** −0.09 0.09 *** 3.56 0.55 0.159

AF 8.88 1.19 *** −0.25 0.12 *** 0.24 0.05 ** 2.36 0.60 ***
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artery, the brachial artery, the radial artery, the finger, and the 
ankle artery region, and sense various amplitudes of pulses) 
(Figure 6e). These pulse waveforms have more similar fea-
tures, which lead to acquire the PWV more easily. SUPS can 
easily detect changes in heart rate during human activity. For 
example, when the body is in the process of standing up, the 
heart rate rises and then falls to a value slightly higher than 
sitting (Figure 6f). However, the effect of body movement on 
the waveform of pulse signal is weak, because we can also accu-
rately identify the feature peak position of the pulse signals and 
calculate the heart rate from the acquired signals (Figure S6c,d 
and Video S3, Supporting Information).

Based on this, this SUPS is expected to be applied in intel-
ligent mobile diagnosis system. The system including an end-
to-end solution that can continuously acquire pulse wave infor-
mation. Meanwhile, a long-term measurement on the same 
human subject was carried out as shown in Figures S7 and S8 
in Supporting Information. Through the general network and 
intelligent terminal, we can get expert advice and other feed-
back for a patient (Figure 6g,h). The system is expected to be 
applied in on-line monitoring, intelligent mobile diagnosis, and 
prevention of cardiovascular disease.

In summary, we developed a self-powered ultrasensitive 
pulse sensor to convert human pulse biomechanical signal 

into electric signal. The SUPS has self-powered, ultrasensitive, 
high PSNR, low cost price, and excellent output performance. 
Additionally, SUPS can directly acquire voltage signal which is 
consistent with second derivative of conventional pulse signal 
without complex circuit design, mathematical operations, and 
the resulting error. It has been demonstrated that the SUPS 
was possessed of the important value in indicative diagnosis 
and antidiastole of cardiovascular diseases such as arrhythmia, 
coronary heart disease, and atrial septal defect. PWV can be 
measured by simultaneously using two SUPS, which can be 
used to indicate the degree of arteriosclerosis. We also build a 
wireless cardiovascular health monitor system based on SUPS, 
which is expect to be applied in intelligent mobile diagnosis 
and offer new opportunities in cardiovascular diseases preven-
tion by the long-term monitoring of physiological pulse signal.

Experimental Section
Characterization Methods: The open-circuit voltage was measured by 

Keithley oscilloscope DPO6450, the short-circuit current, and transferred 
charge were measured using a Keithley 6517 system electrometer. All 
scanning electron microscope (SEM) images were taken by Hitachi field 
emission SEM (SU 8020). All atomic force microscopy (AFM) images 
were taken by Asylum Research MFP-3D-SA-DV.

Figure 6.  The signal output changes on various artery position and exercise, the components and combination with big data, cloud technology of wire-
less pulse sensor system. a) The signal output of two SUPS pressed on the radial artery with the distance of 4.5 cm. b,c) The radial artery signal output 
of SUPS before and after exercise. d) A block diagram of the components in wireless pulse sensor system. e) The signal output of SUPS pressed on 
various artery position. f) Changes in heart rate during the process of sitting and standing up. g) Image of wireless health monitoring system based 
on SUPS. h) Illustration of intelligent mobile diagnosis system.
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Fabrication of the SUPS: The fabricated nanostructured Kapton film 
and Cu film were processed by inductively coupled plasma (ICP) etching 
system (SENTECH/SI 500). As Figure S1b in Supporting Information 
shows, a piece of 100 µm Kapton film was rinsed with menthol, isopropyl 
alcohol, and deionized water. Then a 10 nm thick Au was sputtered onto 
the Kapton surface, which acted as the mask for the etching process. 
Subsequently, this Kapton was etched through the ICP reactive ion 
etching for 300 s. The reaction gas was 15.0 sccm Ar, 10.0 sccm O2, 
and 30.0 sccm CF4 in the ICP process. The two ICP power were 400 and 
100 W, respectively. Finally, the Cu was deposited on nanostructured 
Kapton surface by magnetron sputter for 900 s and the sputter power 
was 100 W. The Cu electrode was deposited by magnetron sputter 
(Denton Discovery 635). Then PDMS (Dow Corning Sylgard 184 Silicone 
Encapsulant) mixed with specific ratio of curing agent (10:1) was spin-
coated on the device as the second package layer after solidifying in 
80 °C for an hour,

Statistical Analysis: The t-test was used to compare mean values in 
groups of samples for all experiments. Error bars were calculated using 
mean ± SD(standard deviation). with a group size n ≥ 3. All reported 
P-values were calculated for groups with unequal variance using the 
Origin software program and a two-tailed unpaired t-test. Reported 
P-values for all experiments correspond to *P < 0.05, **P < 0.01, ***P 
< 0.001.

Case Test: The subject was at least 5 min resting and avoided 
smoking and drinking coffee within 30 min before the survey. The 
measured person to take the seat, the best sitting back chair, exposed 
right wrist, elbow placed at the same level with the heart. In studies, all 
pulse measurements were performed by the wireless health monitoring 
system based on SUPS, in a quiet room, with comfortable temperature. 
Every volunteer patient who agreed to participate in this study received 
detailed explanation before the procedure commenced and talking was 
avoided during the measurements.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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