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The rapid development of flexible pressure sensors (FPSs) has driven pulse-based personalized health moni-
toring, which is extremely important for the diagnosis and prevention of cardiovascular diseases. However,
developing a FPS with a convenient fabrication process to form a natural graded microstructure to capture high-
quality physiological signals is still a challenge. In this study, by utilizing polytetrafluoroethylene and Cu powder
with a conductive double-sided adhesive, a FPS was developed for high-precision measurement of epidermal
arterial pulse based on the principle of triboelectric nanogenerators. By using a convenient coating operation, the
Cu powder layer with a 500-nm-scale natural microstructure was formed on the conductive double-sided ad-
hesive. This graded microstructure is composed of Cu powder that enables the FPS to respond sensitively to weak
pressure signals, endowing the FPS with a sensitivity of 1.65 V/kPa, response time of 17 ms, and decent stability
of up to 4500 cycles. Given its compelling performance, the FPS holds the capability to precisely detect epidermal
pulse wave with rich details. The consistency between the pulse waveform at the same position measured by the
FPS and a high-precision laser vibrometer (with a displacement resolution of 0.05 pm) is up to 0.9949.
Furthermore, the FPS can be applied to acquire pulse wave on different human body parts and monitor arterial
pulse changes in real time under different opening and closing behaviors of the arterial vessels. The graded
microstructure formed by the Cu powder coating provides a convenient and highly efficient method for mass
production of FPSs, which will provide new inspiration for the practical applications of flexible sensors to human
health.

1. Introduction

Cardiovascular diseases (CVDs), which cause approximately 17.9
million deaths each year, has become a major factor endangering human
health [1]. There are hardly any prior symptoms before the sudden
occur of CVDs, but the underlying predisposing conditions long predate
the index event [2]. Long-term cardiovascular status monitoring has
been reported to be conducive for effective assessment of most CVDs,

which is of great significance for the early prevention and diagnosis of
CVDs [3]. In clinical medicine, magnetic resonance imaging, digital
angiography, Doppler ultrasonography, and electrocardiography are
commonly used as routine methods for the diagnosis of CVDs [4].
Although these methods have important applications in clinical diag-
nosis, challenges in portability, operability, cost of use, and privacy limit
their widespread use in active CVD monitoring in everyday life. Of
course, portable health monitoring devices are also available, including
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pulse oximeters and cuff-based electronic sphygmomanometers, which
exhibit remarkable capacities for detecting cardiovascular parameters
such as heart rate, oxygen saturation, and blood pressure. However, as
people’s demand for health-monitoring experiences has been increasing,
the flexibility, comfort, and portability of these devices must be
optimized.

At present, advances in wearable electronics have driven the rapid
development of flexible pressure sensors (FPSs) in physiological signal
monitoring [5-9]. Compared with traditional equipment, FPS-based
wearable devices hold the advantages of comfort, convenience, minia-
turization, and real-time measurement. It can be used as an independent
unit to track the health status during the wearer’s daily routine. Over the
past decade, significant endeavors have been made on FPSs relying on
various mechanisms such as ultrasonic [10-12], photoelectric [13-16],
piezoelectricity [17-20], piezoresistivity [21-24], and capacitance
[25-28]. Especially triboelectricity nanogenerator (TENG) based on
triboelectrification and electrostatic induction was proven to be effec-
tive for converting mechanical signals of the human body to electrical
signals [29-33]. Owing to their characteristics that include a wide se-
lection of materials and being self-powered and universally available,
many TENG-based FPSs have been fabricated to monitor joint move-
ments (joint, release), posture (e.g., couch, bow, and blink), and human
epidermal physiological signals (e.g., acoustic, respiration, and pulse
wave) [34-36]. To enhance the performance of TENG-based FPSs in
terms of sensitivity and response frequency band, the introduction of
microstructures (hollow, interlock, pyramid, multilevel microstructure,
bioinspired structure, etc.) onto the surface of selected materials has
been widely used [37-39]. However, the process of fabricating these
microstructures often requires complex equipment that can only be
operated by professionals, which hinders their optimization process
toward low-cost and easy fabrication. Therefore, a simple and
cost-effective method to fabricate microstructured FPSs with a capacity
to capture high-quality physiological signals must be developed.

In this study, using a Cu powder layer and polytetrafluoroethylene
(PTFE) materials, we developed a low-cost triboelectric-based FPS for
human epidermal pulse wave monitoring. Relying on the natural graded
microstructure surface formed by the Cu powder, the FPS holds a
sensitivity of 1.65 V/kPa, response time of 17 ms, and decent stability of
up to 4500 cycles. With these capabilities, the FPS was demonstrated to
precisely detect epidermal pulse waves with detailed information. The
consistency of the measured signal with that measured using a laser
vibrometer (with a displacement resolution of 0.05 pm) is up to 0.9949.
In addition, the FPS successfully achieved the monitoring of pulse waves
on different human body parts and the real-time monitoring of the be-
haviors of arterial vessels in different open and closed states. Given its
characteristics that include cost-effectiveness, a convenient and highly
efficient fabrication process, and a capacity for high-precision moni-
toring of high-quality pulse waves, the FPS holds a promising applica-
tion prospect in health care.

2. Experimental section
2.1. Testing system for evaluate the performance of the FPS

A function generator (SDG 2122X), an amplifier (PA-1200), and vi-
bration shaker were used for generating a standard excitation signal.
High-precision dynamometer (SBT630) to measure the external pres-
sure. The electrometer (Keithley 6514) and data acquisition card (NI
BNC 2120) were utilized to capture output signals of the FPS.

2.2. Pulse wave monitoring based on laser vibrometer

The vibrometer head is connected to the vibrometer controller. And
the signal processed by the controller is transmitted to the upper com-
puter on the computer through the acquisition card (NI, USB-4432).

Nano Energy 102 (2022) 107710
2.3. Pulse wave monitoring based on FPS

The FPS is connected to the signal input of the electrometer (Keith-
ley, 6514). And the signal processed by the controller is transmitted to
the upper computer on the computer through the acquisition card (NI,
USB-4432).

Statement: Participants took part in experiments described herein
with informed consent and no formal approval from these experiments
was required.

3. Results and discussion

Fig. 1a shows a schematic structure diagram of the FPS, which holds
a three-layer configuration. The PTFE (with a thickness of 20 ym) and Cu
powder with different capabilities of capturing electrons serve as the
two electrification layers. The rough surface formed by the Cu powder is
beneficial for improving the performance of the FPS. The optical and
scanning electron microscopy images of the Cu powder are shown in
Fig. 1b. The conductive double-sided adhesive (CDA) is composed of a
conductive non-woven substrate and conductive acrylic acid, exhibiting
surface resistance in the x-to-y direction of 0.2 Q/sq, which is utilized
both as a base material for Cu attachment and to provide a stable and
reliable electrode. The remarkable flexibility of the CDA makes it easy to
form a ring. The physical photograph and enlarged view of the CDA are
shown in Fig. lc. An as-prepared FPS with a scale of 1.8 x 1.6 cm? is
illustrated in Fig. 1d. The detailed fabrication procedures of the FPS are
presented in Fig. S1.

The Cu powder layer plays an important role in improving the per-
formance of the FPS. In this work, we propose a method to form a Cu
powder layer with a natural graded microstructure on the surface of the
CDA using a coating process, which is cost-effective and has strong
operability. The main fabrication procedures of the Cu layer are illus-
trated in Fig. 1e. First, the surface of the CDA film was coated with Cu
powder. Second, a pressure testing machine was used to apply pressure
on the Cu powder to form an intimate contact between the Cu powder
and the CDA film. Third, sandpaper was used to scrape off the Cu powder
that did not adhere to the CDA. Fourth, the formed Cu layer was placed
into the petri dish of the ultrasonic cleaning machine to further remove
the Cu powder that does not adhere closely to the surface of the CDA.
Finally, a Cu powder layer with a natural graded microstructure was
fabricated. Compared with the traditional microstructure fabrication
methods, coating is more efficient and suitable for the development of
FPSs for industrial mass production. Owing to its good flexibility, the
FPS could be naturally attached onto the position of the human artery to
capture the epidermal pulse during cardiac ejection. A typical pulse
waveform containing three characteristic peaks (advancing, reflected,
and dicrotic wave peaks) is shown in Fig. 1f, which can provide valuable
information for the diagnosis of cardiovascular diseases such as hyper-
tension and arteriosclerosis. The analog pulse wave signal collected by
the FPS can be converted into visual data information through a self-
made circuit module, which provides the user with an intuitive sense
of their own pulse signal, as shown in Fig. 1g. The circuit module mainly
consists of four parts: the low-pass filter is used to filter out useless
signals, including useless white noise and powder frequency noise; the
amplifier amplifies the signal amplitude for subsequent signal process-
ing; the analog-digital conversion module converts the pulse signal in
analog into a digital signal that can be recognized by the microcon-
troller; and the Bluetooth module sends signals from the hardware to the
mobile phone application for processing and displaying of the pulse
signal. The entire circuit module has a volume of 2.7 x 2.6 x 0.5 cm®
(Fig. S2), which allows it to easily form miniaturized wearable devices
for monitoring physiological signals.

Fig. 2a shows the operating principle of the FPS, which is the same as
that of traditional triboelectric-based pressure sensors. Relying on con-
tact electrification and electrostatic induction, the proximity of the PTFE
and Cu powder layer caused by external pressure results in the flow of
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Fig. 1. Construction of the FPS. (a) Schematic structure diagram of the FPS. Optical photographs: (b) the Cu powder, (c) CDA, and (d) the FPS. Scale bar: 7 mm. (e)
The main fabrication procedures of the Cu powder layer. (f) A typical pulse waveform containing three characteristic peaks (advancing, reflected, and dicrotic wave

peaks). (g) The signal processing flow of the self-made circuit.

electrons from the electrode layer to the reference ground. Reversely,
the PTFE tends to return to its original state when the pressure is
released, causing electrons to flow from the reference ground to the
electrode layer. Thus, a periodic contact-separation process occurs be-
tween PTFE and the Cu powder layer under external pressure signals,
generating a periodic output voltage. To evaluate the performance of the
designed FPS, a testing system was built, as shown in Fig. S3, which
mainly consists of three parts: a standard vibration signal generation
unit (including a function generator, powder amplifier, and vibration
shaker), force acquisition unit (dynamometer and upper PC software),
and FPS output voltage acquisition unit (electrometer, data acquisition
card, and upper PC software). Detailed information is presented in the
Experiment section.

On the basis of the developed testing system, we investigated the
output performance of four different sensors with different meshes of Cu
powder (Nos. 300, 500, 800, and 1000). For the sensors composed of a
single mesh of Cu powder, with the increase in copper powder mesh size,
the output voltage of the sensor initially rapidly increased and then
decreased (Fig. 2b and Fig. S4). Among the four sensors, the sensor with
a No. 800 Cu powder mesh showed the maximum output voltage. The
particle diameter of Cu powder decreases with the increase of mesh
number, resulting in a larger effective contact-separation area between
tribo-pair under small pressure. But the surface formed by Cu powder is
close to a flat surface when the mesh size of Cu powder is relatively
large, which will easily make the FPS reach saturation state under small
pressure. This will make the FPS unable to produce an effective contact-
separation process under small dynamic pressure, resulting in a decrease
in the output signal. The capability of the FPS to respond to low-

frequency signals was characterized by applying pressure signals with
different frequencies. As shown in Fig. 2¢, the measured results show
stable electrical outputs under different frequencies (2, 4, 6, and 8 Hz),
which ensure the reliable monitoring of arterial pulsation mainly
composed of low-frequency components. Furthermore, the average
waveforms of the standard input and output signals over the length of a
single period were also obtained through segmentation and normaliza-
tion, which shows a Pearson correlation coefficient > 0.99 (Fig. 2d).
Pressure sensitivity is an important parameter for evaluating the
performance of dynamic pressure sensor, which is defined by the ratio of
the change in sensor output voltage to the corresponding pressure range.
Fig. 2e depicts the sensitivity of the FPS, which can be divided into two
pressure regions. In the < 1.3 kPa low-pressure range, the FPS shows a
sensitivity of 1.65 V/kPa. At > 1.3 kPa, the sensitivity of the FPS
decreased to 0.17 V/kPa. The output waveform of the FPS under
different pressures is shown in Fig. S5. In addition, under the excitation
of the square wave signals with a duty ratio of 1%, the FPS shows a
response time of 17 ms, as presented in Fig. 2f. In addition, the output
voltage exhibited a decent stability in terms of the shape and amplitude
of waveform after > 4500 cycles (Fig. 2g), demonstrating the good
robustness of the FPS. The output current signals of the FPS under
different pressures and frequencies are shown in Fig. S6 and Fig. S7.
Given its compelling performance, the FPS exhibited great applica-
tion potential in monitoring weak human physiological signals, espe-
cially human pulse waves. As can be seen in Fig. 3a, when attached onto
the wrist, the FPS is capable of real-time monitoring of the radial pulse
waves of a 26-year-old volunteer, presenting tiny blood pressure
changes in the arteries of the human body. The enlarged the inset to
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Fig. 2. The output performance of the FPS. (a) The operating principle of the FPS. (b) The output performance of four different sensors with different meshes of Cu
powder (Nos. 300, 500, 800, and 1000). (c) The electrical output of the FPS under different frequencies (2, 4, 6, and 8 Hz). (d) The correlation between the input and
output signals. (e) The pressure sensitivity of the FPS. (f) Response time characterization of the FPS. (g) The stability of the FPS after > 4500 cycles, and the insets

show the first and last three cycles.

clearly show the details of human pulse waves, which holds obvious
waveform characteristics and clear three-feature points: advancing (P1),
reflected (P3), and dicrotic wave peaks (P3). To study the consistency
between the waveforms obtained in the same measurement, the super-
position of each period waveform was obtained by segmenting a group
of waveforms. As shown in Fig. 3b, the average Pearson correlation
coefficient between each cycle was as high as 0.996, and the heart rate
value obtained from each cycle waveform basically maintains the same
level (62 beats/min).

To demonstrate the accuracy of the FPS for real-time measurement of
human arterial pulse, a Polytec’s OFV single-point laser vibrometer was
utilized to directly measure the displacement of skin tissue caused by a
pulse wave. As shown in Fig. 3c and Movie S1, a single-point laser
vibrometer head (Polytec, OFV-505) was used as a module for emitting
laser and receiving the reflected laser signal, which was connected to a
vibrometer controller (Polytec, OFV-5000) that was used as a module for
decoding the reflected laser signal into a displacement signal. The
detailed acquisition scheme based on the laser and sensor is discussed in
the Experiment section. In the measurement, the point with the stron-
gest pulse was determined as the best pulse monitoring position by
imitating that in traditional Chinese medicine. Then, the best pulse
monitoring point was marked with a marker, and a white square paper

was pasted on the point to enhance the reflection of the laser. The height
and direction of the laser head were adjusted so that the laser beam is
aligned with the marking point and in a vertical position with the
marking surface. After the pulse signal was obtained with the laser
vibrometer, the radial artery pulse was measured by attaching the FPS to
the marked position, with the subject’s arm posture unchanged, as
shown in Fig. 3d (Movie S2). Similarly, the Pearson correlation co-
efficients of the signals measured by these two methods in the same
measurement were calculated, as shown in Fig. 3e. The inter-group
correlation coefficients of the waveforms were measured with these
two methods at high levels (the laser-based method is 0.9955 and FPS-
based method is 0.9945). The correlation coefficient between the
average pulse signal waveforms tested using these two methods was as
high as 0.9949, which indicates that the FPS has the ability to accurately
collect high-quality pulse signals (Fig. 3f).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107710.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107710.

To evaluate the stability of the FPS for continuous pulse wave
monitoring, a 25-year-old subject’s radial pulse wave was continuously
measured for 90 s, as shown in Fig. 4a. The first and last three cycle
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Fig. 3. Arterial pulse wave detected with a laser vibrometer and FPS. (a) The radial pulse wave of a 26-year-old volunteer when the FPS was attached onto the wrist.
(b) The consistency of the waveform and the change in heart rate in the same measurement. (c) The arterial pulse wave measured with a laser vibrometer. (d) The
arterial pulse wave measured with the FPS. (e) Pearson correlation coefficients of the signals measured using the two methods. (f) The correlation coefficient between

the average pulse signal waveform tested with a laser vibrometer and FPS.

waveforms present high similarity in amplitude and shape (Fig. S8). The
HR plays a significant role in assessing the risk of cardiac death, which
can be characterized by a Poincare plot (Note S1). Fig. 4b exhibits the
Poincare plot geometry of the measured signals in Fig. 4a, which holds a
standard comet-like shape, with a RR, ranging from 0.81 to 0.96 s
(normal range: 0.6-1 s). SD;j, SDy, and SDj, were also obtained, with
values of 15.0, 40.4, and 0.37 ms (normal value < 0.55), respectively.
All the obtained data from the Poincare plot indicate a healthy heart
state. In addition, we can withdraw some parameters underlying the
waveform, such as heart rate (HR), augmentation index (Alr), reflection
index (RI), systolic upstroke time (UI), and the time difference between
P; and P3 (each parameter calculated as shown in Fig. S9), which pro-
vide important values for early prevention and diagnosis of CVDs. The
changes in the other parameters extracted from the measured signals are
shown in Fig. S10. As is known to all, the pulse wave originates from the
heart and travels through blood vessels throughout the whole body [40].
Thus, besides the wrist, many other arterial positions can be used to
monitor human arterial pulse. To investigate the FPS’s capability of
monitoring the pulse of other arteries, it was worn around the neck and

ankle. The pulse wave measured at these two positions are respectively
shown in Fig. S11. This clearly shows that P, is barely represented in the
pulse waveform at the ankle, which is the result of the superposition of
the advancing and reflected waves [41]. In addition, the FPS proved
capable of monitoring pulse signals in different people. The radial pulse
was successfully measured in a woman aged 26 years and a man aged 25
years (Fig. 4c and d, Movie S3 and S4), which show clear feature points
(Pl, Pz, and Pg).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107710.

In another application, we used the FPS to monitor the behavior of
the artery from an open state to a fully closed state and then to again to
an open state. The measurement process is shown in Fig. 4e. An inflat-
able cuff is used to wrap the subject’s upper arm to apply pressure to the
artery. The Omron sphygmomanometer is used to monitor real-time
changes in blood pressure. The FPS is attached to the wrist to continu-
ously monitor radial pulse waves. Before the cuff is inflated, the artery is
completely open. Once the blood pressure is measured, the pressure
from the cuff causes the artery to gradually close and then open again, as
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Fig. 4. Arterial pulse wave monitoring under different conditions. (a) Continuous pulse wave monitoring for 90 s (b) The HR characterized by a Poincare plot. (c)
The radial pulse wave measured in a woman aged 26 years. (d) The radial pulse wave measured in a man aged 25 years. (¢) The Omron sphygmomanometer and FPS
are used to measure blood pressure and pulse wave simultaneously. (f) Changes in blood vessels during cuff compression. (g) Changes in cuff pressure during

measurement. (h) Changes in pulse wave during measurement.

shown in Fig. 4f. The cuff inflated well above 104 mmHg to occlude
arterial flow, without a radial pulse wave. After reaching 141 mmHg,
the cuff pressure then slowly deflated to 90 mmHg, at which point, the
cuff pressure equals the arterial blood pressure (with the cuff pressure
value equal to the systolic blood pressure). At the same time, the radial
artery suddenly appeared but did not fully return to normal. As the cuff
pressure continued to decrease, the radial pulse amplitude gradually
increased. The pulse amplitude did not change drastically until the cuff
pressure was 59 mmHg (the cuff pressure value at this point was equal to
the diastolic blood pressure). The radial pulse returned to its initial state
when the pressure of the cuff was fully released (Fig. 4g and h). This
process shows that the FPS can sense the change in arterial pulse in real
time. On the other hand, it also reveals the principle of using an elec-
tronic sphygmomanometer to measure blood pressure.

Where there is life, there is a pulse, which accompanies the whole life
cycle of a person. It is the time variability of the pulse that enables
people to discover the regularity between the pulse and physiological
changes, thus providing reference information for the early prevention
and diagnosis of CVDs. Therefore, we used a FPS to monitor the wrist
pulse signals of the same individual at different times on the same day.

Pulse waves were collected every 3 h from 7:00 am to 10:00 pm. In
Fig. 5a and f, three consecutive cycle pulse waves were displayed at
different times (7:00 am, 10:00 am, 1:00 pm, 4:00 pm, 7:00 pm, and
10:00 pm). The correlation coefficients between the mean values of each
waveform were calculated, as shown in the table in Fig. 5g. It can be
clearly seen that the correlation coefficients of the waveforms at
different times were > 0.967, and the maximum value was 0.993, which
suggests that the pulse shapes of the same individual in a resting state on
the same day are not remarkably different. In addition, the corre-
sponding calculated HR, UI, and PPT are shown in Fig. 5h. The partic-
ipants’ HR were significantly higher at 7:00 am and lower in rest of the
time, but the change in UI was the opposite to that in HR. The minimum
value of the PPT was obtained at 13:00, and remained relatively stable in
the rest stages. In different measurements, the pulse wave itself in the
same individual will change due to the influence of the individual’s own
physiological state and human activities. These statistical results show
that the proposed FPS can be used for continuous and noninvasive
monitoring of arterial pulse, which holds great promise for early pre-
vention and diagnosis of CVDs.
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Fig. 5. The pulse signal of the same subject measured at different times. (a—f) The pulse wave was collected every 3 h, from 7:00 am to 10:00 pm. (g) The correlation
coefficients between the mean values of each waveform at different times. (h) The changes in HR, Ul, and PPT at different times.

4. Conclusions

In this work, a triboelectric-based FPS is proposed for human
epidermal pulse wave monitoring. By using a coating method, a Cu
powder layer was created to form a natural graded microstructured
surface. This provides a low-cost and highly efficient way to fabricate
FPS. Featured with a sensitivity of 1.65 V/kPa, response time of 17 ms,
and decent stability of up to 4500 cycles, the FPS holds a capability of
precisely detecting epidermal pulse waves with detailed information.
The measured pulse signals showed obvious characteristic points and
maintained a consistency of 0.9949 with those measured using a laser
vibrometer. Furthermore, the FPS can be successfully applied to monitor
arterial pulse at different positions in different people and to capture
real-time changes in the radial artery pulse when the brachial artery is
subjected to cuff pressure. Given its characteristics that include its being
cost-effective and a convenient fabrication process, and having a ca-
pacity for high-quality pulse waves, the FPS has a promising application
prospect in health-care.
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