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ABSTRACT: The continuous, noninvasive monitoring of human blood pressure (BP)
through the accurate detection of pulse waves has extremely stringent requirements on the
sensitivity and stability of flexible strain sensors. In this study, a new ultrasensitive flexible
strain sensor based on the interlayer synergistic effect was fabricated through drop-casting
and drying silver nanowires and graphene films on polydimethylsiloxane substrates and was
further successfully applied for continuous monitoring of BP. This strain sensor exhibited
ultrahigh sensitivity with a maximum gauge factor of 34357.2 (∼700% sensitivity
enhancement over other major sensors), satisfactory response time (∼85 ms), wide strange
range (12%), and excellent stability. An interlayer fracture mechanism was proposed to
elucidate the working principle of the strain sensor. The real-time BP values can be
obtained by analyzing the relationship between the BP and the pulse transit time. To verify
our strain sensor for real-time BP monitoring, our strain sensor was compared with a
conventional electrocardiogram−photoplethysmograph method and a commercial cuff-
based device and showed similar measurement results to BP values from both methods, with only minor differences of 0.693, 0.073,
and 0.566 mmHg in the systolic BP, diastolic BP, and mean arterial pressure, respectively. Furthermore, the reliability of the strain
sensors was validated by testing 20 human subjects for more than 50 min. This ultrasensitive strain sensor provides a new pathway
for continuous and noninvasive BP monitoring.
KEYWORDS: flexible strain sensor, interlayer synergistic effect, continuous blood pressure monitoring, wearable sensors, graphene

■ INTRODUCTION

Continuous blood pressure (BP) monitoring is of great
significance to the health monitoring of critically ill patients
in hospitals as well as patients with chronic cardiovascular
disease.1,2 Currently, the most trusted method used clinically is
implanted sensors in arteries of the human body to obtain data
on the real-time BP of the patient; this methodology is
invasive, and inevitably causes significant discomfort and
inconvenience to patients.3,4 The development of a non-
invasive, continuous BP monitoring method has thus attracted
increasing research attention.5−9 At present, the most widely
studied method in the field of noninvasive, continuous BP
monitoring is to accurately measure the pulse transit time
(PTT) and obtain the BP values via a relationship linking the
PTT and the BP.10−12 Therefore, the accurate measurement of
the PTT is extremely important in the continuous monitoring
of the BP. The extraction of the PTT via the photoplethysmo-
graph (PPG) measurement has been successfully utilized in the
continuous monitoring of the BP.11,13,14 The PPG acquisition
is usually obtained using optical methods, which consist of
additional light sources and photodetectors. However, during
PPG, tiny deformations in the device can significantly affect the

optical path, which in turn affects the accuracy of the
measurement results. In addition, the integration of the light
sources and the photodetectors not only involves a complex
fabrication process but also has the characteristics of being
high cost. The inherent inflexibility of these optical elements
makes it difficult for the sensor to make a good connection
with the human body. Therefore, these defects significantly
limit the wide application of this technology in the field of
continuous BP monitoring.
Recently, flexible strain sensors have greatly facilitated the

development of noninvasive and continuous BP monitor-
ing.15−18 Compared with piezoelectric and triboelectric
sensors, strain sensors have the advantages of a simple
preparation method, low cost, easy signal collection, fast
response speed, and wide detection range. Piezoelectric and
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triboelectric sensors have the advantage of operating with a low
power consumption. However, these sensors can only detect
transient deformations due to the intermittency of piezo-
electric and triboelectric effects. Additionally, the fabrication of
these sensors often requires complex micropatterning and
sophisticated packaging processes. The continuous monitoring
of BP using flexible strain sensors involves two steps. The
flexible strain sensor is attached to the surface of the skin to
obtain the waveform of the pulse wave. Afterward, the BP and
PTT values were obtained by extracting the typical character-
istic peaks from the pulse waves. Continuous BP monitoring
using flexible strain sensors has unique advantages because
flexible strain sensors can be perfectly attached to the skin
surface, which significantly reduces the discomfort the patient
experiences. In addition, flexible strain sensors have the
advantages of easy integration, low power consumption, and
a simple fabrication process. However, the application of
flexible strain sensors for continuous BP monitoring also faces
some challenges. For instance, in 2016, Luo et al. achieved
continuous monitoring of BP using flexible strain sensors and
electrocardiography equipment.15 The complexity of the
system limits its practical application. In 2021, Zhang et al.
achieved continuous monitoring of BP by using a flexible strain
sensor.17 During the preparation of the strain sensor, graft-
modified multi-walled carbon nanotubes (MWCNTs) and
water-based polyurethane were used as the filler and matrix. In
addition, the machine learning method was used to analyze the
characteristic peaks of the pulse wave and then realized the
acquisition of BP. However, limited by the low sensitivity (GF
∼ 1582.7) and small strain range (<5%) of the strain sensor, a
bandage must be assisted in the process of acquiring the
subject’s pulse wave waveform, which brings discomfort to the
subject. In 2022, Paghi et al. used a sacrificial template method
to prepare porous polydimethylsiloxane (PDMS) and directly
reduced AgF at room temperature to prepare a flexible
piezoresistive sensor.19 It has a sensitivity of 0.41 kPa−1, an
operating range of >120 kPa, and a detection limit of 25 Pa. In
addition, the piezoresistive sensor can accurately measure the
time difference between characteristic peaks when used for
pulse wave monitoring, which shows the potential application
of the piezoresistive sensor in the field of continuous BP
monitoring. The PTT is obtained by identifying the character-
istic peaks of the pulse wave, which imposes strict require-
ments on the sensitivity of the strain sensor. The requirement
of high sensitivity is another challenge for strain sensors in
continuous BP monitoring. Although existing flexible strain
sensors have been successfully used in speech recognition,
motion detection, and other fields, they are generally not of
sufficient sensitivity for use in continuous BP monitoring.20−27

Therefore, the development of flexible strain sensors with high
sensitivity is of great significance for continuous blood pressure
monitoring.
In this study, a new flexible strain sensor with ultrahigh

sensitivity was fabricated and successfully applied for
continuous, noninvasive BP monitoring. The flexible strain
sensor was fabricated through drop-casting and drying silver
nanowires (AgNWs) and graphene films on PDMS substrates.
The synergistic effect between graphene and the AgNWs
endows the sensor with an ultra-high sensitivity. The maximum
gauge factor (GF) value of the strain sensor was 34357.2, and
the strain range was stretched up to 12%. By observing the
surface morphology of the strain sensor under different strain
ranges, we proposed an interlayer fracture mechanism to

elucidate the working mechanism of the strain sensor. The
strain sensor was successfully employed for the acquisition of
the pulse waveform and the determination of the PTT, thereby
realizing noninvasive, continuous BP monitoring. The BP
values obtained via this noninvasive, continuous BP monitor-
ing system were compared with those obtained from a
commercial cuff-based device. The errors obtained for systolic
blood pressure (SBP), diastolic blood pressure (DBP), and
mean arterial pressure (MAP) were 0.693, 0.073, and 0.566
mmHg, respectively. This study demonstrated that this
ultrasensitive flexible strain sensor can be used for noninvasive,
continuous BP monitoring with potential applications for
hospital diagnostics and daily health care monitoring.

■ EXPERIMENTAL SECTION

Materials. The graphene used in the experiment was prepared by
reducing graphene oxide (GO) at a high temperature of 200 °C. The
GO powder was purchased from Angstar New Carbon Materials
Changzhou Co., Ltd. The sheet diameter and thickness of the GO
powder were 0.1−2 μm and 1 nm, respectively. The AgNWs
dispersion (20 mg/mL) was purchased from Nanjing XFNANO
Technology Co., Ltd. The diameter and length of the AgNWs were 90
nm and 20 μm, respectively. The PDMS (Sylgard 184) used in the
experiment was obtained from Dow Corning. The ascorbic acid was
purchased from Shanghai Aladdin Company. The copper foil used for
electrode fabrication was purchased from the Minnesota Mining and
Machinery Manufacturing Company. Photographs of the AgNWs and
the GO solutions are displayed in Figure S1 (Supporting
Information).

Fabrication of the Strain Sensor. The Dow silicone and
encapsulants of Sylmar 184 were thoroughly mixed at a mass ratio of
10:1. The mixture was placed in a vacuum-drying oven for 30 min to
remove the air bubbles. The PDMS film was deposited via the spin-
coating method on a pretreated silicon chip and heated at 70 °C for
30 min. Finally, the cured PDMS was tailored to serve as a flexible
substrate. The size of the PDMS was 15 mm × 10 mm × 0.3 mm.
Afterward, the AgNWs and GO layers were sequentially prepared on
the PDMS substrate through drop-casting and subsequent drying.
The concentrations of AgNWs and GO solutions were both 2 mg/
mL. The volumes of AgNWs and GO solutions were the same as 1
mL. The GO layer was reduced at a temperature of 200 °C for 2 h. In
addition, AgNWs and graphene solutions with different concen-
trations were used for the preparation of the strain sensor. The
electrodes of the strain sensor were prepared by coating both ends of
the sensing layer with conductive silver paste and attaching a copper
foil. Finally, the strain sensor was encapsulated using PDMS of the
same size as the substrate.

Characterization. The surface morphology of the materials
prepared in the study and the strain sensors was characterized by
using scanning electron microscopy (SEM, HITACHI, SU8010). The
thickness of the graphene and AgNWs layers used in the experiments
was measured using atomic force microscopy (AFM, Bruker,
Dimension EdgeTM). Raman spectroscopy (Bruker, RAM I1) was
conducted to characterize the graphene samples with an excitation
wavelength of 532 nm and a power of 50 mW. X-ray diffractometer
(XRD, PANalytical, Aeris) and X-ray photoelectron spectroscopy
(XPS, Thermo Scientific, ESCALAB Xi+) were used to characterize
graphene and AgNWs samples. A motorized stage (Daheng Optics,
GCD-502050M) and a SourceMeter (Keithley, 2600B) were used to
determine the electromechanical performance of the strain sensor.

■ RESULTS AND DISCUSSION

Preparation and Characterization of the Strain
Sensor. The preparation of the strain sensor includes
preparation of the flexible substrate and the sensing layer,
fabrication of the electrodes, and encapsulation of the device.
Figure 1A shows a schematic diagram of the fabrication
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process of the strain sensor. Both the substrate and packaging
materials used in the strain sensor are PDMS. The graphene
and AgNWs sensing layers were prepared via drop-coating and
subsequent drying. The electrodes of the sensor are composed

of conductive silver paste and copper foil. The preparation
process is simple and economical. A photograph of the strain
sensor held by tweezers is shown in Figure 1A, showing the
strain sensor has excellent flexibility, when considering the
bending degree of the sensor. Figure 1B(I,II) shows the front
and back sides of the strain sensor. It can be seen that the
graphene layer and the AgNWs layer of the sensor were fairly
uniform.
SEM, AFM, and Raman spectra were used to characterize

the morphology of the strain sensor. Figure 2A displays the
SEM images of graphene at different magnifications. It can be
seen that the graphene surface was fairly smooth. Figure 2B
shows SEM images of the AgNWs/graphene conductive film at
different magnifications. It can be clearly observed that the
AgNWs and graphene were uniformly arranged in layers. The
cross-section of the AgNWs/graphene conductive film has
been characterized using SEM. It can be clearly observed from
Figure S2A,B (Supporting Information) that graphene and
AgNWs were arranged in layers. Figure 2C shows the AFM
images of graphene, AgNWs, and the AgNWs/graphene
conductive film. As can be seen from Figure 2C(I), the
graphene prepared via the high-temperature reduction method

Figure 1. Strain sensors based on interlayer synergistic effect. (A)
Schematic diagram of the fabrication process of the strain sensor. (B)
Photographers of the strain sensor. (I) Front side; (II) Back side.

Figure 2. Characterizations of the strain sensor. (A) SEM images of graphene prepared via the high-temperature reduction method at different
magnifications. (B) SEM images of the AgNWs/graphene layered structure at different magnifications. (C) AFM images of graphene (I), AgNWs
(II), and the AgNWs/graphene layered structure (III). (D) Raman spectrum of graphene prepared via the high-temperature reduction method. (E)
XRD patterns of the graphene and AgNWs films. (F) XPS spectrum of the graphene and AgNWs films.
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formed a thin film, while the AgNWs film prepared via drop-
coating and subsequent drying formed a dense conductive
network, as shown in Figure 2C(II). Figure 2C(III) shows that
graphene and AgNWs were arranged in layers. The Raman
spectrum of graphene prepared via the high-temperature
reduction method is displayed in Figure 2D. The typical G
and D bands can be observed at 1590 and 1350 cm−1,
respectively. The ID/IG value of ∼0.95 also proves the high
quality of the prepared graphene samples. For comparison, a
chemical reduction method was also used to prepare graphene
samples, where the reducing agent used in the experiment was
ascorbic acid. The Raman spectrum and SEM were used to
characterize the quality of the graphene samples prepared by
two methods. Both data from the Raman spectrum and SEM
indicate that graphene prepared by the high-temperature
method was of higher quality and more uniform, which was
important for the performance of the strain sensor. Detailed
discussions of graphene preparation methods are included in
Supporting Information S3. Figure 2E displays the XRD
patterns of the AgNWs and graphene films of the strain sensor.
A wide peak located at 26.4° proves that GO was reduced to
graphene under high-temperature conditions. The diffraction
peaks at 38.2° and 44.2° originate from the AgNWs film, which
also proves that the AgNWs were not oxidized under high-
temperature conditions. Figure 2F shows the XPS character-
istics of the AgNWs and graphene films. It can be observed
that it is composed of the elements carbon (C 1s, 284.85 eV),
silver (Ag 3d, 368.2 eV, 374.2 eV), and oxygen (O 1s, 532.55
eV). The peaks at 368.2 and 374.2 eV also indicated that the
AgNWs were not oxidized under high-temperature conditions.

The AgNWs were not oxidized because the presence of
graphene effectively isolates them from contact with air.

Optimization and Determination of the Sensing
Performance. Studying the performance of the strain sensor
is crucial for its application in continuous BP monitoring. The
sensitivity of the strain sensor is quantitatively characterized
using the GF value.28 In the following discussion, R0 is the
initial resistance of the strain sensor. R is the real-time
resistance of the sensor under strain. △R represents the
resistance to change. Thus, △R/R0 represents the relative
resistance change. Obtaining accurate data on pulse wave
waveforms requires a high sensitivity from the strain sensor. To
optimize the performance of the sensor, we prepared different
strain sensors with different mass ratios of graphene and
AgNWs. Figure 3A shows the relative resistance changes as a
function of the applied strain for strain sensors with different
graphene and AgNWs mass ratios. It can be observed that the
signal responses of the strain sensor varied significantly upon
changing the mass ratio of the graphene and AgNWs. In terms
of sensitivity, the strain sensor had the largest GF value when
the mass ratio of graphene to AgNWs was 1:1. The GF value
reached 1727.6, 6191.8, and 34357.2 in the strain ranges of 0−
5%, 5−8%, and 8−12%, respectively. After confirming that the
strain sensor has the maximum GF value when the mass ratio
of graphene and AgNWs was 1:1, the effect of concentrations
of AgNWs and GO solutions on the performance of the strain
sensor was also explored. Figure S4 (Supporting Information)
shows the relative resistance changes as a function of the
applied strain for strain sensors with different concentrations of
AgNWs and GO solutions. During the preparation of these
strain sensors, the concentrations of AgNWs and GO were 1.5,

Figure 3. Optimization and characterization of the strain sensor performance. (A) Relative resistance changes versus strain curves of strain sensors
with different graphene and AgNWs mass ratios. (B) Comparison of the performance of our strain sensors based on interlayer synergistic effect and
other strain sensors reported in the literature. (C) Performance of the strain sensor under 1% strain, 2% strain, 3% strain, 4% strain, and 5% strain,
respectively. (D) Relative resistance changes during loading and releasing at 0−5% strain. (E) Dynamic loading-and-releasing cyclic response for
1%, 2%, and 5% strains. (F) Relative resistance changes for 1000 loading-and-releasing cycles of the strain sensor with 12% strain. (Inset shows the
response time of the strain sensor).
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2.0, 2.5, and 3 mg/mL, respectively. The volumes of AgNWs
and GO solutions were both 1 mL. The increase in the
concentrations of AgNWs and GO solutions indicates the
increase in the mass of conductive material per unit area. When
the solution concentration was 1.5 mg/mL, the strain sensor
could only withstand a small strain (5.4%). Its maximum GF
value was only 3883.2. The reason for the above phenomenon
is that there were very few conductive materials per unit area,
and a uniform conductive film was not formed. When the
concentrations of AgNWs and GO were 2.0, 2.5, and 3 mg/
mL, the strain range and the maximum GF values of these
strain sensors were basically the same. It can be concluded that
a uniform conductive film was formed at these concentrations.
In addition, the maximum GF value of this strain sensor does
not change as the mass of the conductive material per unit area
increases. In addition, we explored the effect of reduction
temperature on the mechanical properties of PDMS and the
performance of this strain sensor (Supporting Information S5).
It was finally confirmed that the optimal reduction temperature
was 200 °C. The GF and stain ranges are the most important
parameters for strain sensors. In addition, we compared the
performance of this sensor with other strain sensors reported
in the literature (Figure 3B). The strain sensors involved in
Figure 3B were all prepared by using graphene and AgNWs. It
can be clearly seen that our strain sensor exhibited an ultrahigh
sensitivity, with maximum GF values 7-fold higher than other
majority strain sensors reported in the literature, which
provides great potential for the strain sensor to accurately
acquire the pulse waveform. Figure 3C shows the signal
response of the strain sensor under different strains from 0 to
5% with an incremental step of 1%. It can be observed that for
every 1% increase in strain on the sensor, the signal increased
by more than 700%. Therefore, the strain sensor is able to
distinguish subtle strain changes. The overshoot behavior is
clearly observed in Figure 3C at a tensile speed of 4 mm min−1.
It has been demonstrated that the overshoot behavior

originates from the inherent viscoelastic properties of polymers
such as PDMS, TPU, and Ecoflex. In addition, the overshoot
behavior will also become more obvious due to the ultrahigh
sensitivity of the strain sensor. It also has been proven that the
overshoot phenomenon will weaken or even disappear when
the strain sensor is in a stable working state. Figure 3D displays
the relative resistance changes during loading and releasing at a
strain of 0−5%. During the loading and releasing processes, the
relative resistance changes were highly similar, which proves
that the strain sensor has high stability and good strain
memory. It can also be observed that an initial resistance
change of less than zero occurs during the release process. The
reason for the above phenomenon is that cracks occurred in
the graphene and AgNWs films after the strain sensor was
stretched and released, which caused its initial resistance to
change. Figure 3E shows different relative resistance changes
during the multicycle loading-and-releasing process of the
strain sensor. The experimental results show that the strain
sensor was stable under continuous working conditions.
Additionally, the relative resistance changes toward the strain
within 12% over 1000 load-and-release cycles were displayed in
Figure 3F. Despite the response loss at the beginning of the
cycle, more than 90% of the original sensor response remained
after 1000 cycles, which confirms the high stability of the strain
sensor. The stretching and releasing times for this strain sensor
were 85 and 106 ms, respectively. Its high response speed
enables the rapid acquisition of pulse wave waveforms.
Graphene samples prepared by the high-temperature reduction
method and chemical reduction method were used for the
fabrication of the strain sensors, respectively. Figure S6
(Supporting Information) shows the relative resistance
changes as a function of the applied strain for these strain
sensors. In terms of the sensitivity of the strain sensor, it can be
observed that graphene prepared by the high-temperature
reduction method is superior to graphene prepared by the
chemical reduction method. The enhanced sensitivity is mainly

Figure 4. Exploring the sensing mechanism of the strain sensor. (A−C) Optical (I) and SEM (II) images of the surface topography of the strain
sensor under different strains (0% strain, 5% strain, and 10% strain). Schematic illustration of the morphology of graphene and silver nanowires
under (D) 0% strain. (E) 8% strain and (F) 10% strain.
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due to better uniformity from graphene prepared by the high-
temperature reduction method, which facilitates the interlayer
interaction between graphene and AgNWs. Furthermore, we
explored the effects of different sizes of GO and AgNWs on the
performance of strain sensors. It has been demonstrated that
the performance of strain sensors was not affected by the sizes
of GO and AgNWs (Supporting Information S7). Apart from
the electromechanical properties of the strain sensor, we also
explored the mechanical properties of the strain sensor
(Supporting Information S8). Relevant experimental results
prove that the strain sensor has excellent recyclability and good
strain memory. The reproducibility of the strain sensor
preparation method has also been explored in Supporting
Information S9. It has been demonstrated that the good
reproducibility of the proposed fabrication method (Support-
ing Information S9). It is also believed that large-scale
industrial production processes can reduce the variation in
the performance of these strain sensors.
Sensing Mechanism. A sensing mechanism based on the

interlayer synergistic effect is proposed to explain the working
principle of strain sensors. Figure 4A−C shows the surface
topography of the strain sensor when it was loaded with
different strains. In order to observe the morphology changes
of graphene and AgNWs layers, optical microscopy and SEM
were used to characterize the strain sensor under different
strain ranges. Furthermore, energy-dispersive X-ray spectros-
copy (EDS) was also used to characterize the morphology of
the strain sensor when it was loaded with different strains. The
surface morphology changes of the strain sensor can be
observed through imaging carbon (C), oxygen (O), and silver
(Ag) elements. The details of the relevant content are shown
in Figure S8 (Supporting Information). Based on the above
results, we proposed an interlayer fracture mechanism to
elucidate the working principle of the strain sensor. Figure
4D−F displays the corresponding schematic diagrams. When
no load was applied to the strain sensor, graphene and the
AgNWs were layered sequentially. No evident microcracks can
be observed on the surface of the film, which proves the good
uniformity of the graphene and AgNWs films prepared via
drop-casting and subsequent drying.
Figure 4A shows that no microcracks were generated in the

graphene and AgNWs layers at a strain range of 0−5%. At this
stage, the relative resistance change of the strain sensor is
mainly due to the slippage of the graphene sheets. The
conductive network composed of AgNWs does not change
significantly within this relatively small strain range. As such,

the signal response of the sensor is caused by the contact
resistance of the graphene sheets and the AgNWs, which also
leads to the lower sensitivity of the sensor in this strain range
(GF = 1727.6, as in Figure 3A). Figure 4D shows a schematic
diagram of the surface morphology of graphene and AgNWs
layers in this strain range. Upon increasing the strain range of
the sensor to 5−8% (Figure 4B), several microcracks are
generated in the graphene film. No microcracks appeared in
the AgNWs film. Figure S10B (Supporting Information)
demonstrates that the corresponding elemental mapping
images for C and O appeared to be a microcrack, but there
was no significant change in the elemental mapping images
corresponding to Ag elements. Therefore, when the strain
range is 5−8%, the signal response of the strain sensor is
caused by the tunneling resistance of the graphene sheets and
the contact resistance of the AgNWs. Figure 4E shows a
schematic diagram of the surface morphology of graphene and
AgNWs layers corresponding to this strain range. The GF
value of the strain sensor reached 6191.8 in this strain range.
Upon further increasing the strain range to 8−12%, in addition
to a clear increase in the number of cracks in the graphene film,
microcracks also appeared in the AgNWs film (Figure 4C). As
displayed in Figure S10C (Supporting Information), corre-
sponding elemental mapping images for C, O, and Ag elements
also show an obvious microcrack. At this stage, the signal
response of the strain sensor is due to the tunneling resistance
and destruction resistance of the graphene and AgNWs films
(Figure 4F); the strain sensor exhibits extremely high
sensitivity, and its GF value reached 34357.2 within this strain
range (Figure 3A). In addition, the changes in conductive
paths of the strain sensor under different strains were
illustrated in Figure S11A (Supporting Information). The
effect of microcracks in the conductive layers of graphene and
AgNWs on the conductive pathways has been discussed in
detail. Figure S11B (Supporting Information) shows a model
of the basic circuit of the strain sensor. The effect of
microcracks in the graphene and AgNWs layers on the change
in relative resistance of the strain sensor has been discussed in
detail.
To further verify the working principle based on the

interlayer synergistic effect of the strain sensor, we prepared
different strain sensors based on pure graphene and pure
AgNWs. The conductive network of the AgNWs was not easily
deformed, which led to a large strain range and a low sensitivity
(GF value of 38) of the strain sensor based on the AgNWs
(Figure S12A, Supporting Information). The high sensitivity

Figure 5. (A) Relative resistance changes strain curves of strain sensors based on AgNWs/graphene mixed particles with different graphene and
AgNWs mass ratios. (B) Relative resistance changes strain curves of strain sensors based on an interlayer synergistic effect with different graphene
and AgNWs mass ratios.
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(GF value of 1355) and the small strain range of the graphene-
based strain sensors were due to the fact that graphene is prone
to interlayer slippage(Figure S12B, Supporting Information).
Furthermore, to demonstrate that it was the layered arrange-
ment of AgNWs and graphene that endowed the strain sensor
with ultrahigh sensitivity. The strain sensors based on
graphene/AgNWs mixed particles were fabricated to compare
with the layered strain sensors. The same mass ratio of
graphene and AgNWs was used for the preparation of strain
sensors based on AgNWs/graphene mixed particles and
interlayer synergistic effect, respectively. The maximum GF
values of the strain sensors were directly labeled in Figure 5A,
B. In Figure 5A, different mass ratios of graphene and AgNWs
were mixed together as the sensing layers of the strain sensor.
The strain sensors based on AgNWs/graphene mixed particles
with a 1:4 mixing mass ratio of graphene and AgNWs were
observed to exhibit the highest GF. However, its maximum GF
value was only 57.3. As a comparison, the maximum GF value
of the strain sensor based on the interlayer coupling effect at
optimal conditions (ratio 1:1) was 34,357.2 (Figure 5B),
indicating the synergistic effect from the layered sensor.
Additionally, it can be observed that under the same mass ratio
of graphene and AgNWs (1:4, 1:2, 1:1, and 2:1), the GF values
of the strain sensors based on the interlayer synergy effect are
much greater than that of the strain sensors based on AgNWs/
graphene mixed particles. Figure S13 (Supporting Informa-
tion) shows the SEM images of the graphene/AgNWs mixed
particles. During the mixing and reduction processes, graphene
attaches to the surface of the AgNWs to form graphene/
AgNWs hybrid particles. Under applied strain, the weak

interaction between hybrid particles exhibited random cracks.
With the increase of strain, the size and number of random
cracks increased gradually (Figure S14, Supporting Informa-
tion). Different from the cofracture phenomenon of the
graphene and AgNWs in the mixed structure, when graphene
and AgNWs were stacked in layers at optimal conditions (ratio
1:1), the strain sensor exhibited ultra sensitivity. It is believed
that the interlayer fracture phenomenon (i.e., the interlayer
synergy effect) endowed the sensor with ultrahigh sensitivity.

Continuous, Noninvasive BP Monitoring. Continuous,
noninvasive BP monitoring can accurately monitor the
function of human blood vessels, which is crucial in the
diagnosis and treatment of cardiovascular diseases. The
application of high-performance flexible strain sensors has
prompted significant developments in continuous, noninvasive
BP monitoring technology. For the acquisition of data related
to BP, PTT is monitored via the use of strain sensors. The real-
time calculation of the BP can then be achieved using a
quantitative relationship between the BP and the PTT. An in
vitro hemodynamic simulator to collect PWV and BP data was
developed by Ma et al.29 by modeling liquid flow through a
PDMS (that exhibits a linear stress−strain relationship) tube.
A simple expression linking the BP and the PWV was obtained
as follows:

= +A BBP
1

PTT2 (1)

where A and B are undetermined coefficients, and the value
varies from individual to individual. This expression was used

Figure 6. (A) Real-time signal responses were obtained when the strain sensors were attached to radial and brachial arteries. Inset shows an
enlarged view of the signal for real-time PTT measurement. (B) The real-time signal responses of ECG and PPG. An enlarged view of the signal for
real-time PTT measurement. (C) Comparison between the real-time strain sensor monitoring with a method of real-time monitoring SBP and DBP
of a human subject achieved by obtaining PTT of ECG−PPG. (D) Comparison between the average SBP and DBP obtained from ECG−PPG and
strain sensors for a duration of 5 min and that measured by a commercial cuff-based device.
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in this study to link BP values to PTT for continuous BP
monitoring.
The signal obtained from the strain sensor is first processed

using a low-pass filter to reduce the presence of noise. The
extraction of the characteristic peaks of the pulse wave can
then be realized via the acquisition of the pulse waveform;
these characteristic peaks are very important for the calculation
of the PTT. Finally, the values of the SBP and DBP can be
obtained in real time using a quantitative relationship between
the BP and the PTT. Figure 6A shows the signal responses
when two strain sensors are attached to the radial and brachial
arteries, respectively. It can be observed that the characteristic
peaks of the brachial and radial pulse waves can be successfully
acquired by strain sensors. The inset shows waveforms of radial
and brachial arteries during a single cycle. The time difference
(70 ms) between the two peaks can be obtained directly from
the inset. The accurate measurement of the pulse wave from
the data related to the brachial artery is not possible for most
strain sensors due to the artery being wrapped inside muscle
tissues. The ultrahigh sensitivity of the strain sensor based on
the interlayer fracture mechanism enables accurate acquisition
of the brachial artery waveform. At the same time, the radial
and brachial artery waveforms were monitored for a prolonged
period of time using strain sensors, as shown in Figure S15
(Supporting Information). The related results prove that the
strain sensor can realize long-term monitoring of radial and
brachial artery waveforms. Simultaneous monitoring of radial
and brachial artery waveforms using strain transducers is
displayed in Video S1 (Support Information).
In addition, the method of obtaining the pulse arrival time

(PAT) via electrocardiogram (ECG) and PPG and sub-
sequently obtaining BP data was used to verify the accuracy of
the strain sensor-based method. ECG−PPG method is based
on the time difference (426 ms) between the R-peak of ECG
and a characteristic point of the PPG peak (Figure 6B). Figure
6C shows 5 min of continuous BP monitoring of a human
subject using ECG−PGG and strain sensor-based methods.
The SBP was maintained at 130 mmHg, where the signal
obtained by the ECG−PPG method was slightly lower than
that obtained by the sensors, but the maximum error did not
exceed 3 mmHg. Meanwhile, the DBP fluctuated at 90 mmHg,
and the signal obtained by the ECG−PPGs was also slightly
lower than that obtained by the sensors, but the maximum
error was within 5 mmHg. It is important to note that all values
are stable. Moreover, for SBP and DBP, the ECG−PPG
method has the same fluctuation trend as the signal obtained
by the sensor.

The strain sensor was further validated by a commercial
cuffed device. The mean values of 5 min uncuffed BP
monitoring and cuffed BP monitoring were shown in Figure
6D. The SBP and DBP obtained using a commercial, cuff-
based device (Yuwell, YE666AR) were 129 and 89 mmHg,
respectively. The SBP and DBP obtained via the use of strain
sensors based on the interlayer fracture mechanism were
129.16 ± 0.54 and 88.76 ± 1.40 mmHg, respectively. The SBP
and DBP values obtained via the ECG−PPG method were
127.98 ± 0.50 and 87.69 ± 0.92 mmHg, respectively. The
average DBP and SBP obtained via using the strain sensors
show an absolute difference of <2 mmHg compared with the
readings provided by the commercial, cuff-based device. It can
be seen that the measurement results of the two techniques are
highly consistent, validating the accuracy of our strain sensor-
based method for continuous BP monitoring.
To further verify the reliability of the strain sensors in BP

monitoring, 20 people in the age range from 20 to 60 were
studied. The strain sensors were attached to the radial and
brachial arteries of each subject to enable the continuous
monitoring of the subject’s BP. A total of 407 groups of
experimental data were obtained. The SBP and DBP of each
group were in the ranges of 90−155 and 62−90 mmHg,
respectively, which also indicates the included subjects
presented clinically defined hypertension and hypotension.
Because the pulse wave is a low-frequency signal with a
frequency range of less than 5 Hz, the sampling frequency was
set to 30 Hz. The sampling time was set to 160 s, and
approximately 200 heartbeat cycles were recorded. In addition,
MAP was used to verify the reliability of the measurements
undertaken using the strain sensors in which MAP is defined as
the average of the arterial pressure during a cardiac cycle and
can be calculated using the expression:

= + ×
MAP

SBP 2 DBP
3 (2)

It was found that the results of cuffles BP monitoring were in
good agreement with those of cuff-based BP monitoring. The
error probability distribution was also evaluated. 87% of the
estimates were within a 0−5 mmHg error range, 11% were
within the error range of 5−10 mmHg, and only 2% of the
absolute errors were found to be greater than 10 mmHg
(Figure S16, Supporting Information). The results detected by
the cuff-based device and the correlation coefficients squared
for SBP, DBP, and MAP of the strain sensor-based methods
are 0.944, 0.875, and 0.922, respectively, as displayed in Figure
7A−C. In addition, the mean absolute error (MAE) was used
to verify the accuracy of the test results. The measured MAE

Figure 7. Regression plot with R2 = 0.944, 0.875, and 0.922 for SBP (A), DBP (B), and MAP(C), respectively.
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values for SBP, DBP, and MAP were 2.33, 2.16, and 1.80
mmHg, respectively. Compared with other literature, this study
is at the advanced level of previous reports (Table S1,
Supporting Information). Table S2 (Supporting Information)
shows that the average difference in SBP and DBP of the 20
subjects’ parameters between the sensors and Yuwell
sphygmomanometer is less than 5%. The above results
demonstrate that the use of strain sensors based on the
interlayer fracture mechanism can be used to achieve accurate
BP monitoring.
Human Physiological Signals Monitoring. After verify-

ing the strain sensor for continuous BP monitoring, the strain
sensor was used for real-time monitoring of various
physiological signals from different human motions such as
knee and neck bending, eye blinking, voice recognition, and
pulse wave waveform monitoring. Figure 8A, B shows the
signal responses when the strain sensor was attached to the
knee and neck, respectively. The strain sensor produced
noticeable changes in the signal when the knee and neck were
flexed. In addition, benefiting from the ultrasensitivity of the
sensor, the strain sensor can accurately capture subtle
physiological signals. In Figure 8C, when attached to the
skin near the eyes, the strain sensor could detect signal changes
caused by eye blinking, which also proves that the strain sensor
can be used to monitor changes in human facial expressions.
The strain sensor was also successfully used for speech
recognition. To explore the possibility of applying the strain
sensor in speech recognition, the strain sensor was attached to
the human throat. Figure 8D shows the related experimental
results. When the human subject said the words “Strain” and
“Sensor”, the strain sensor showed completely different signal

responses. As displayed in Figure 8E, the strain sensor was
used for wrist pulse monitoring. Benefiting from the fast
response time which is much lower than a single pulse
wavelength time and the ultrahigh sensitivity, the beating of
the pulse including systolic and diastolic processes caused a
significant change in the resistance of the strain sensor. Figure
8F shows the single pulse waveform monitored by the strain
sensor. It can be observed that there are six characteristic peaks
in the single-cycle pulse waveform, which is consistent with the
existing medical theory.29,30 All six typical characteristic points
such as the systolic peak (b), reflected systolic peak (c),
dicrotic notch (d), diastolic peak (e), end-diastolic pressure
(f), and dicrotic peak (g) were recorded. The complete
acquisition of pulse waveforms is of great significance for the
study of the relationship between blood pressure and pulse
waveforms. The relevant experimental results prove that the
strain sensor cannot only be used for obvious human motion
monitoring but also for weak physiological signal monitoring.
It can be concluded that the sensors have excellent capability
for the healthcare monitoring of various vital signals. As a
wearable device, we have explored the impact of hand
movement on pulse waveform acquisition. It can be observed
that although the strain sensor has been fixed by medical tape
during the collection of pulse waveforms, the movement of the
hand still causes obvious signal changes (Supporting
Information S17). Therefore, it can be considered that body
movement should be avoided when the strain sensor is used
for continuous blood pressure monitoring. In addition, with
further integration of strain sensors, pulse wave extraction can
also be achieved through filtering.

Figure 8. Strain sensors were applied for the detection of subtle and intensive human motions. (A) Relative changes in resistance of walking (the
inset shows an image of a leg test in the original state and the bent state). (B) Relative resistance changes in the bending motion of a neck (the inset
shows images of the neck test in original state and the bent state). (C) Relative resistance changes of winkling (the inset shows the location of the
sensor beside eye). (D) Relative changes in resistance of speaking (the inset shows the location of the sensor on throat). (E) Relative changes in
resistance of wrist pulse (the inset shows the location of the sensor on wrist) and (F) the characteristic peaks of the pulse signal.
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■ CONCLUSIONS

In this study, an ultrasensitive strain sensor based on the
interlayer synergistic effect was fabricated by a simple method
through drop-coating and drying AgNWs and graphene films
on PDMS layers, and this strain sensor was successfully applied
for noninvasive continuous blood pressure monitoring. The
interaction of the AgNWs and graphene films endowed the
strain sensor with ultrahigh sensitivity (GF = 34357.2). In
addition, the strain sensor exhibited an excellent response time
(∼85 ms), an extremely high stability (>300 cycles), and a
large strain range (∼12%). We further proposed and verified
the interlayer effect mechanism to elucidate the working
principle and its high detection sensitivity. In addition, the
strain sensors were attached to the brachial and radial arteries
to obtain a complete pulse waveform, which enabled the
noninvasive, continuous monitoring of the BP. The reliability
was confirmed by testing 20 human subjects over 50 min. In
this work, the accuracy of the proposed strain sensor-based,
continuous BP monitoring technology was validated by
comparing the BP values obtained using this method with
the data obtained from a commercial cuff-based device and an
ECG−PPG method. The proposed strain sensor has numerous
advantages, namely, ultrahigh sensitivity simple fabrication
process, high reliability, and easy integration; this strain sensor
has been demonstrated to have great potential to significantly
advance the development of the continuous, noninvasive BP
monitoring technology. With the further integration and
improvement of the device such as the integration of
microfluidic devices and nanosensors,31−35 the strain sensor
based on the synergistic effect can be used in various
biomedical settings ranging from hospital diagnostics to daily
health care.
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