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A B S T R A C T

With the increasing demand for real-time health monitoring driven by the popularity of wearable devices, there 
is a growing need for thin, flexible pressure sensors. In this study, we propose a strategy for developing a flexible 
ultrathin piezoresistive pressure sensor utilizing a composite of nanofibers and microbeads. The investigation 
primarily focuses on the effect of incorporating microbeads on nanofiber morphology and the correlation be
tween the surface roughness of the nanofiber membrane and the performance of the pressure sensor. It has been 
elucidated that the integration of microbeads into nanofiber membranes enhances the performance of the 
pressure sensor. The prepared sensor has a sensitivity of 1.12 kPa− 1, high stability that does not degrade after 
being pressed for more than 1000 times, and short response time (response/recovery times are 210 ms/140 ms, 
respectively) that is enough to detect human pulse. Furthermore, we have elaborated on how the choice of 
materials for the conductive layer, the coating technique, and the spraying duration impact the performance of 
the piezoresistive pressure sensor. Finally, we demonstrated that the ultrathin flexible pressure sensor can 
effectively operate on curved surfaces and has been successfully tested on human wrist pulses and carotid pulses. 
The successful fabrication of this sensor not only expands the fabrication techniques for pressure sensors but also 
enhances the performance of lightweight and thin pressure sensors, laying a technical foundation for developing 
pressure sensors suitable for portable devices.

1. Introduction

With the advancement of smart electronics and information tech
nology, wearable devices have attracted a lot of attention due to their 
portability and real-time detection capability [1–4]. The accurate 
detection ability of wearable devices is mainly attributed to the 
high-performance sensors inside. Among these sensors, pressure sensor 
is the most basic sensor, so it has been studied intensively [5]. However, 
due to the limitations of material and technology, pressure sensors 
currently available for commercial use usually show the disadvantages 
of large size, heavy weight, and non-bendability, which do not conform 
to the development trend of being thin and light. Therefore, it has 
become an urgent need to develop a high-performance flexible pressure 
sensor that can avoid these shortcomings [6–10].

Pressure sensor is a device that can convert mechanical signals into 
electrical signals. Usually, it can be categorized into piezoresistive [11], 
capacitive [12,13], piezoelectric [14], and other types [15–17]

according to the transduction mechanism. As one of the most common 
pressure sensors, piezoresistive pressure sensors can convert mechanical 
pressures into resistance signals [18]. Given its appealing advantages 
such as a straightforward structure, facile signal acquisition, good 
repeatability, and low cost, the piezoresistive pressure sensor emerges as 
a promising candidate for diverse applications, boasting significant po
tential [19–21]. Skin-conformable devices have attracted considerable 
research attention due to their ease of use and potential for seamless 
integration with the human body. To achieve effective operation and 
minimize the sensation of discomfort or foreign body perception, such 
devices typically require an ultrathin design. It is generally recognized 
that a thickness below 100 μm is essential for ensuring optimal skin 
conformity. Accordingly, the development of an ultrathin pressure 
sensor with excellent skin-conformable properties is of significant 
importance and holds great promise.

Many piezoresistive pressure sensors are realized through the crea
tion of a three-dimensional conductive network or the design of a 
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contact interface with variable resistance [22]. In order to obtain a 
conductive network, the usual method is to embed conductive fillers 
into porous elastic materials. Yang et al. reported a novel flexible 
pressure sensor with a tunable and large detection range by introducing 
magnetic carboxyl iron particle/silicone resin into a carbon sponge [23]. 
Yu et al. obtained a flexible piezoresistive sensor with good performance 
in both compressed and stretched states by embedding carbon nano
tubes (CNTs) on the surface of a 3D printed TPE network [24].

However, because a three-dimensional conductive network inevi
tably takes up a certain amount of space, it is difficult to manufacture an 
ultra-thin sensor using this method. This problem can be solved by 
forming a conductive layer with variable resistance on the contact 
electrode of the sensor [25–28]. Researchers have developed a variety of 
micro-protrusions to roughen the surface of pressure-sensitive materials. 
Lu et al. prepared ultrathin nanocone array films by adjusting the 
structure of anodic alumina templates and fabricated highly-sensitive 
pressure sensors by interlocking the nanocone arrays [29]. Chen et al. 
proposed a new strategy to fabricate MXene@PDMS piezoresistive 
pressure sensor with a micro-protrusion structure using a sandpaper 
template [30]. Nevertheless, when using the surface roughening 
methods described above, it is necessary to prepare a template first and 
form micro-protrusions based on this template [31]. Therefore, the 
fabrication processes are usually complex, costly, and time-consuming. 
In addition, since the size of these protrusions is normally very small, 
the deformation caused by external forces can easily reach saturation 
and eventually affect the detection range of the pressure sensor. We have 
summarized the previously reported piezoresistive pressure sensors and 
summarized their performance in Table 1.

Over the past few decades, nanofiber membranes have been widely 
used in a variety of applications due to their flexibility, inherent 
biocompatibility, and low cost [36]. It is reported that nanofiber 
membranes can be used as advanced separators for lithium-ion batteries 
[37] as well as air filters for high-efficiency PM2.5 capture [38,39]. In 
addition, nanofibers have also been reported to be used in flexible 
pressure sensors, not only for pressure-sensitive materials [40] but also 
for substrate materials [41]. Liu et al. inserted a layer of polyvinyl 
alcohol (PVA) nanofibers between a sheet of wrinkled graphene film and 
a pair of interdigital electrodes (IDE) as a dielectric layer to achieve 
excellent durability and reliability [42]. Hu et al. developed a highly 
sensitive pressure sensor based on a polyimide (PI) substrate and P 
(VDF-TrFE)/BTO nanofiber mat. The sensitivity of the sensor is greatly 
improved by the difference in elastic modulus between the nanofiber 
mat and the microstructured PI substrate [43]. Ren et al. obtained a 
wearable and high-performance capacitive pressure sensor based on a 
biocompatible PVP nanofiber membrane [44]. However, since the 
diameter of a single nanofiber is on the order of nanometers, it usually 
takes several hours to fabricate the nanofibers into a mat material in 
previous reports [45]. Therefore, addressing the prolonged preparation 
time of nanofiber membranes holds crucial practical significance for 
advancing the application of nanofiber materials. In our previous study, 
we demonstrated that incorporating micron-sized spacers into nano
fibers significantly reduced the fabrication time of fiber membranes 
while effectively preventing micron-sized spacers from moving freely 

[46]. Building on this finding, we propose that integrating micron-sized 
beads directly onto the membrane surface could eliminate the need for 
preparing micro-protrusion molds, thereby simplifying the fabrication 
process of piezoresistive pressure sensors.

Herein, we propose a strategy to fabricate a piezoresistive pressure 
sensor using a nanofiber membrane with micro-protrusions on the sur
face. The nanofibers were prepared by using electrospinning technol
ogy, and in order to form micro-protrusions on the surface of the 
nanofiber membrane, microbeads were mixed in the electrospinning 
solution. Eventually, we obtained a microbead-nanofiber composite in 
one step. Compared with pure nanofibers, microbeads containing com
posite not only have a shorter preparation time but also can make the 
resulting sensor thin and light. In order to make the nanofiber mem
brane conductive without affecting the surface morphology, we evalu
ated various conductive films. Finally, a spraying method using silver 
nanowires was selected and an optimal preparation condition was given. 
The proposed piezoresistive pressure sensor can be obtained by 
combining this surface-conductive nanofiber membrane with a flexible 
electrode. In addition, the topography of the conductive layer, the 
thickness of the nanofiber film, and the elastic modulus can all affect the 
sensitivity and linearity of the sensor. Then, we fabricated a flexible 
pressure sensor with high sensitivity and wide linearity. The sensor 
shows a low detection limit, fast response time, and good stability. 
Moreover, its outstanding flexibility enables it to perform pressure 
detection on curved surfaces. In the end, the frequency and waveform of 
the human pulse were accurately measured in real-time. This study is an 
important step towards the realization of lightweight and flexible 
wearable electronic devices.

2. Experimental section

2.1. Fabrication of PVDF film

PVDF powder (Solvay) was dissolved in a MEK/Acetone mixture 
(1:1 v:v) under magnetic stirring for 24 h to form the homogeneous 
PVDF solution. Then, the prepared 20 wt% PVDF solution was cast into a 
thin film using the bar coating method. The film was then placed on a 
hot plate and heated to 160 ℃ to remove internal stress and flatten the 
surface.

2.2. Electrospinning process

PVDF powder was dissolved into a calculated volume of DMAc and 
stirred vigorously to obtain 20 wt% PVDF solution. PMMA microbeads 
with a diameter of 20 μm (S20; Duksan Hi-Metal Co., Ltd.) were intro
duced into the PVDF solution to prepare a nanofiber solution. To 
disperse the suspension homogeneously, the solution was stirred 
vigorously for two days. Then the solution was added into the syringe of 
an electrospinning instrument and spun onto the collector at a flow rate 
of 50 μL/min. Working distance was kept at 10 cm and a high voltage of 
10 kV was applied between the nozzle and the collector. A nanofibrous 
membrane can be obtained on a PVDF film by pre-positioning the PVDF 
membrane on an electrospinning collector.

2.3. Device fabrication

The specific preparation steps of the device are as follows. After the 
surface of the nanofiber membrane was treated with O2 plasma, AgNWs 
(1 wt%, Nanopyxis Co., Ltd.) were coated thereon to form an electrode. 
The electrode was shaped using a screening mask to form a square with 
sides of 1 cm in length. A small tail was formed at the bottom of the 
electrode for connecting test leads. The upper and lower electrodes were 
assembled with an overlap area of 1 cm× 1 cm to form a piezoresistive 
pressure sensor.

Table 1 
Comparison of specific parameters between this study and previously reported 
piezoresistive sensors.

Materials Sensitivity 
(kpa− 1)

Response time 
(ms)

Limit of 
detection (kPa)

Ref.

ZnO/Ti3C2Tx 6.40 190 - [32]
EVOH/MWCNT 0.28 400 0.08 [33]
CB/MXene/SR/ 
fiber

2.18 100 0.1 [34]

Cu/rGO 0.144 150 0.1 [35]
AgNWs/NF/ 
Microbead

1.12 210 0.05 This 
work
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2.4. Characterization

The surface morphology of the PVDF nanofibers containing 
microbeads was characterized using an SEM (Philips XL 30 FEG). Pres
sure sensors were tested using a hand-made system. The pressure 
application system consists of a motorized test stand (Mark-10, ESM 
303) and a digital force gauge (Mark-10, M5–2) with a plastic tip. The 
size of the contact tip is about 6 mm × 6 mm. The resistance value was 
measured and recorded in real-time using a Desktop Digital Multimeter 
(Keysight, 34461 A). A PC was used to record sensor output and force 
values simultaneously.

3. Results and discussion

3.1. Device structure

The fabrication method of the flexible piezoresistive pressure sensor 
is illustrated in Fig. 1. The pressure sensor consists of two parts: upper 
and lower electrodes. The upper electrode is obtained by coating a 
conductive layer on a nanofiber film with uneven surface morphology, 
which mainly provides variable resistance for the device when it is 
subjected to external force. Nanofibers are fabricated onto flexible 
substrates through the utilization of electrospinning equipment. Subse
quently, conductive films are formed by applying a layer of conductive 
material onto the surface of the nanofibrous membrane. The lower 
electrode is obtained by coating a square-shaped conductive AgNWs 
layer on a PVDF carrier film, with a square size of 1 cm × 1 cm. The 
function of the lower electrode is to support and provide a counter 
electrode for the upper electrode. The device we proposed has an overall 
thickness of less than 100 μm, which shows that it not only has excellent 
flexibility but also has practical application potential.

Choosing the appropriate substrate material is the basis for realizing 
ultra-thin flexible pressure sensors. Traditionally, silicon has been the 
preferred substrate material for commercial pressure sensors due to its 
outstanding electrical and mechanical properties. However, its lack of 
flexibility renders it unsuitable for use in flexible devices. PVDF has been 
widely used as substrate materials in various flexible applications in 
recent years due to its flexibility, durability, chemical resistance, 

thermal stability, UV resistance, low permeability, and other advan
tages. In addition, because PVDF is relatively easy to process and can be 
formed into thin films or sheets using various manufacturing techniques, 
it allows for the easy reduction of substrate thickness and proves cost- 
effective for mass production of flexible substrates. Hence, we utilize 
PVDF film as the substrate material for the flexible pressure sensor. 
Consequently, the negative impact of the substrate on the flexibility of 
the nanofibers can be greatly eliminated.

The selection of nanofiber as the pressure-sensitive layer primarily 
stemmed from its exceptional mechanical properties, straightforward 
preparation process, and cost-effectiveness. Nonetheless, the conven
tional method of nanofiber utilization involves fabricating a pristine 
nanofiber mat devoid of any protruding surface structures. Therefore, 
our approach aims to develop a microbead-nanofiber composite mem
brane to mitigate these drawbacks. The selection of this composite 
material is primarily driven by its unique structural advantages: the 
incorporation of microbeads not only significantly enhances the porosity 
of the nanofiber membrane but also effectively reduces the fabrication 
time. Precise control over the quantity of microbeads enables the fine- 
tuning of surface roughness, catering to diverse application re
quirements for material surface properties. The ultimate goal of this 
design is to eliminate the necessity for additional template-based surface 
structuring, thereby making the fabrication process more efficient and 
controllable. This study provides an in-depth exploration of the 
microbead–nanofiber composite structure, offering a practical solution 
for the straightforward preparation of high-performance membrane 
materials.

3.2. Silver nanowires on the surface of nanofibers

Piezoresistive pressure sensors are designed with materials that 
exhibit changes in resistivity in response to mechanical deformation, so 
it is important to use conductive materials with appropriate conductivity 
as the pressure-sensitive layer [47,48]. Excessive conductivity in the 
conductive material leads to a reduction in the pressure sensor’s resis
tance at low pressure, resulting in diminished sensitivity at medium and 
high pressures. Conversely, insufficient conductivity hampers the sen
sor’s ability to effectively respond to external pressures, leading to 
decreased sensitivity. Moreover, different coating techniques can alter 
the microstructure and properties of these materials [49–51]. Hence, the 
selection of suitable materials and the optimization of preparation 
processes play a crucial role in enhancing the performance and stability 
of pressure sensors. In addition, the surface of the nanofiber membrane 
has many holes and is discontinuous, so we chose silver nanowires as the 
conductive material in this study. In order to uniformly coat silver 
nanowires on the surface of the nanofiber membrane, and maximize the 
resistive response of the conductive layer under pressure load, we tried 
two coating methods: dip coating and spray coating.

Fig. S1 shows the surface SEM images of the AgNWs coatings ob
tained by dip coating. It can be seen that after the nanofibrous mem
brane was immersed in 1 wt% AgNWs dispersion three times according 
to normal procedures, the protrusions in the nanofiber composite 
membrane were wrapped by a thick layer of AgNWs. This results in the 
interface between the nanofibers and microbeads becoming indistin
guishable, with some protrusions even being buried and disappearing. 
This shows that the coating process not only affects the conductivity of 
the electrode but also affects the surface morphology of the film. Even if 
the solution is diluted to half of the original concentration (0.5 wt%) and 
the dipping process is reduced to only one time, the resulting AgNWs 
layer is still thick and exhibits very low sheet resistance. Since the pie
zoresistive pressure sensor primarily relies on the resistance change 
caused by the mechanical deformation of the conductive film for pres
sure recognition, insufficient surface protrusion of the conductive layer 
may result in inadequate resistance change during operation, thereby 
indicating poor sensor performance. In addition, the process of dip 
coating is hindered by a significant disadvantage, namely, the difficulty Fig. 1. Schematic diagram of the device preparation steps.
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in crafting electrodes with specific shapes, which ultimately limits the 
adaptability of future sensors.

Fig. 2 shows the surface SEM images of AgNWs sprayed onto the 
surface of the nanofiber membranes. Compared to the dipping method, 
the spray coating method produces a thinner AgNW layer with moderate 
density. A square-shaped electrode with a side length of 1 cm fabricated 
using the spray coating method exhibited an initial resistance of 
approximately 30 Ω, whereas electrodes prepared by the dip coating 
method demonstrated initial resistances of less than 1 Ω. Given that the 
resistance of piezoresistive sensors decreases progressively during 
compression, maintaining an initial resistance within a moderate range 
is critical to ensure optimal sensor performance.

This is attributed to the superior controllability of the spray coating 
method, which effectively reduces the amount of AgNWs applied in a 
single spray. The resulting conductive AgNWs layer achieves moderate 
conductivity, preventing a reduction in the sensor’s sensitivity due to 
excessively high conductivity. Furthermore, the surface morphology of 
the nanofiber composites remains unchanged after the coating treat
ment. This ensures that when the conductive layer contacts the counter 
electrode, there is sufficient space for mechanical deformation, 
addressing the issue of pressure level discrimination during the appli
cation of external forces. Unless otherwise specified, the spray coating 
method was used in this study to form the conductive AgNWs layer on 
the nanofiber membrane surface.

To achieve a uniform conductive thin film, we quantified the area 
that can be coated with 1 mL of a 1 wt% AgNW dispersion and defined it 
as the spraying density. For the bottom electrode, which requires high 
conductivity, the spraying density was set at 36 cm²/mL. In contrast, for 
the top electrode, which demands moderate conductivity, the density 
was set at 4410 cm²/mL. Excessive conductivity in the top electrode 
could hinder the sensor’s ability to differentiate pressure variations, 
while insufficient conductivity could lead to sensor malfunction.

3.3. Sensitivity under different nanofiber condition

To determine the effect of nanofiber morphology on the performance 

of pressure sensors, we used electrospinning technology to prepare 
nanofiber membranes both with and without microbeads, and then used 
these nanofiber membranes to prepare pressure sensors. The effects of 
pure nanofibers and microbead-containing nanofibers on sensor per
formance were analyzed. Due to the presence of micro-protrusions on 
the surface of the nanofiber composite film, the AgNWs layer sprayed on 
top also exhibits micro-protrusions, influenced by the surface 
morphology of the nanofiber composite film. When no external pressure 
is applied to the pressure sensor, hardly any protrusions can contact the 
lower electrode. The contact area between the upper and lower elec
trodes is relatively small and the contact resistance is relatively large. 
However, when external pressure is applied to the pressure sensor, the 
protrusions on the upper electrode are pressed into the nanofiber 
membrane, which flattens the surface of the conductive layer. This 
phenomenon engenders an enlarged contact area between the two 
electrodes, simultaneously resulting in a diminished contact resistance. 
Taking a macroscopic perspective, the resistance of the pressure sensor 
exhibits a decrease as the applied pressure increases. In order to conduct 
stable pressure testing, we built a hand-made pressure testing system 
(Fig. S2).

The sensor’s sensitivity (S) is defined as the derivative of the relative 
change in resistance (ΔR = (R0-R)) with respect to the applied pressure 
(P), expressed mathematically as,

S = δ(ΔR/R0)/δP
Where R is the real-time resistance and R0 is the initial resistance of 

the sensor. The sensitivity is determined by calculating the slope of the 
tangent line on the pressure–resistance curve. Since the resistance value 
of the sensor always decreases as the pressure increases in this study, we 
took the absolute value of ΔR when calculating the sensitivity. More
over, ΔR never exceeds R0, so the ΔR/R0 value always remains below 
100 %.

As shown in Fig. S3, although both samples of nanofiber membranes 
(with microbeads and without microbeads) were prepared using elec
trospinning for 20 min, the resistive change of the piezoresistive pres
sure sensor prepared with pure nanofibers (without microbeads) 
immediately increases and reaches saturation under low pressure. This 
implies that pressure sensors lacking microbeads, aside from the contact 
state between the upper and lower electrodes, exhibit an inability to 
differentiate pressure. Such characteristics mean that the device is un
usable for practical applications. In contrast, the sample containing 
microbeads demonstrated favorable sensing properties across the 
measurable pressure range, even though the overall resistance change 
was nearly equivalent to that of the pure nanofiber sample.

As mentioned above, a common method for enhancing the sensitivity 
of piezoresistive pressure sensors involves the incorporation of micro- 
protrusion structures on the electrodes. When the surface of the 
pressure-sensitive material lacks these micro-protrusions, that is, the 
electrode surface is flat, the two electrodes can easily reach complete 
contact, because there is no buffer space for mechanical deformation 
when the upper and lower electrodes come into contact. Consequently, 
the lack of micro-protrusions causes rapid saturation of resistance, 
resulting in low linearity of the sensor. On the other hand, due to the 
absence of spacers for external force support, the loose nature of pure 
nanofiber results in easy saturation when exposed to external forces, 
thereby leading to compromised sensing linearity of the sensor. Never
theless, even if the content of microbeads in the nanofiber is only 5 wt%, 
this nanofiber composite membrane can still provide support for 
external forces and enable the corresponding sensor to function effec
tively under mechanical deformation within a specific pressure range. 
Therefore, the integration of microbeads is beneficial for improving the 
performance of pressure sensors based on nanofibers.

In this study, microbeads play a crucial role as prominent micro- 
protrusions, making their size a pivotal factor. We opted for microbe
ads with a diameter of 10 μm, incorporating them into nanofibers 
through an electrospinning process to create composite nanofibers. As 
illustrated in the Fig. S4, the introduction of 10 μm microbeads slightly Fig. 2. SEM images of AgNWs sprayed onto the surface of nanofibers.
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enhances the performance of the sensor compared to the sensor con
sisting solely of nanofibers. This enhancement may stem from the rela
tively small size of the microbeads, which prevents them from 
protruding prominently on the electrode surface. However, if the 
microbead size is too large, it could lead to nozzle clogging during the 
electrospinning process. Therefore, selecting an appropriate microbead 
size is crucial in the experiment, ensuring maximized sensor perfor
mance and facilitating smooth preparation processes.

We also investigated the relationship between the electrospinning 
time and the sensor sensitivity, because the thickness of the nanofiber 
membrane is directly determined by the electrospinning time, and the 
membrane thickness is usually an important factor affecting the mem
brane performance. Relative changes in resistance depending on pres
sure are shown in Fig. 3.

When the electrospinning time of nanofibers is 5 min, the resistance 
value of the corresponding sensor changes little in the whole pressure 
range. Possible reasons are as follows. The number of nanofibers pre
pared by a short-time electrospinning process is too small to fully cover 
the microbeads. Compared to PVDF nanofibers, the microbeads exhibit 
better stress resistance due to the rigidity of PMMA. Therefore, through 
the separation of the microbeads, the conductive layer in the upper 
electrode is difficult to contact with the lower electrode and the sensor 
works entirely on the elasticity of the bead.

According to our previous study, when the electrospinning time is 
increased to 20 min, the thickness of the film is slightly larger than the 
diameter of the microbead. Therefore, most of the microbeads are 
wrapped by nanofibers, and no microbeads will protrude completely 
from the surface of the nanofiber membrane. As can be seen from the 
Fig. 3a, in the initial stage of the pressure-response curve, the curve rises 
very quickly. This is because when the sensor is subjected to external 
pressure, microbeads that protrude slightly from the surface can be 
easily pressed into the membrane. At this stage, the resilience to external 
pressure is primarily attributed to the nanofibers, resulting in a mem
brane surface that is readily susceptible to flattening, that is, the resis
tance change easily reaches saturation. With the increase of external 
pressure, the pressure-response curve exhibits a gradual attenuation. 
This phenomenon is attributed to two primary factors. Firstly, the 
presence of internal hard microbeads, which act as spacers, effectively 
hinders the rapid thinning of the membrane when subjected to external 
forces. These microbeads provide mechanical support, maintaining the 
membrane’s structural integrity. Secondly, the existence of surface pores 
increases the contact area between the membrane and the electrode 
during the thinning process. This enlargement of the contact area en
hances the interaction between the membrane and electrode, influ
encing the overall performance of the system. As can be seen from the 
Fig. S5 the pores in the 20-min sample are deeper than those in the 5-min 
sample. Therefore, conductive AgNWs sprayed onto the membrane 
surface are more likely to trap into the pores. Consequently, under a 
certain pressure load, the contact area between the electrodes and the 
conductive AgNWs within the pores increases due to the membrane 
thinning.

To assess the impact of an extended preparation time on the 

membrane, we also prepared membranes with an electrospinning time 
of 60 min. The pressure-response curve analysis shows that the sensi
tivity of the 60-min sample is as high as 1.12kpa− 1. This may be because 
thicker membranes have better resistance to external pressure. The 
linearity (R²) of the samples under a pressure range of 20–500 Pa was 
also evaluated for different sample preparation durations: 5 min (R² =
0.65), 20 min (R² = 0.80), and 60 min (R² = 0.83). These results indicate 
that extending the preparation time improves the linearity, suggesting 
enhanced sample uniformity or structural stability with longer prepa
ration durations. However, the linearity of the 60-min sample did not 
exhibit a significant improvement. This may be because the thickness of 
the nanofiber membrane is much larger than the diameter of the 
microbeads, and the microbeads still play the role of main spacers in this 
sample. Moreover, in the saturation region of the pressure-response 
curve (i.e., external pressure greater than 2 kPa), the resistance 
changes of the 60-min sample (ΔR/R0 = 0.5) exhibited a limited 
improvement compared to that of the 20-min sample (ΔR/R0 = 0.3). 
Despite the fabrication time being tripled, the resistance change did not 
show a corresponding threefold increase. Similar to the previous study, 
prolonging the electrospinning time of nanofibers does not linearly in
crease their thickness. This observation indicates that merely extending 
the electrospinning time does not indefinitely enhance the sensor’s 
performance. On the contrary, it significantly elevates the production 
cost of the nanofiber membrane. In summary, choosing the appropriate 
electrospinning time for nanofibers is crucial for fabricating pressure 
sensors in this study.

The hysteresis performance of a pressure sensor is a crucial aspect for 
its reliability and accuracy in various applications. We performed a 
hysteresis test on the sensor corresponding to the nanofiber obtained by 
electrospinning for 60 min. As shown in Fig. 3b, the hysteresis loop 
shows a negligible deviation between the ascending and descending 
pressure cycles. The hysteresis of the curve is calculated using the 
following formula, and the final result is found to be 0.63 %. 

hysteresis =
∫

unloading(R0 − R)/R0dp −
∫

loading(R0 − R)/R0dp
[(R0 − R)/R0]max⋅pmax 

This indicates that the sensor output demonstrates excellent 
repeatability and stability. Hysteresis performance results show that the 
nanofiber sensor has excellent properties, highlighting the sensor’s 
capability to precisely capture dynamic pressure changes with minimal 
hysteresis. This excellent performance is attributed to the precise 
structural design and material properties of the sensing elements.

We also evaluated the effect of high microbead content on the per
formance of pressure sensors (Fig. 3c). For this purpose, we prepared a 
series of nanofiber membranes by incorporating high concentrations of 
microbeads into the PVDF electrospinning solution. The mass ratio of 
PVDF to microbeads in these membranes was 1:0.4. Afterwards, sensors 
were prepared based on the nanofiber membranes obtained at different 
electrospinning times.

We found that the performance of the pressure sensor corresponding 
to the nanofibers obtained by electrospinning for 5 min was similar to 
that of the sample with low bead content (mass ratio of PVDF to 

Fig. 3. Impact of (a) preparation time, (b) hysteresis, and (c) high microbead content on the performance of the piezoresistive pressure sensor.
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microbeads is 1:0.2). The reason for this observation could be attributed 
to the fact that after a short electrospinning duration, the thickness of 
the formed nanofiber membrane is smaller than the diameter of the 
microbeads. Consequently, the microbeads protrude from the surface of 
the nanofiber membrane. Therefore, the microbeads become the main 
separators, and the external pressure is mainly applied on the 
microbeads. This explains why the 5-min sample maintains a certain 
degree of linearity, while an increase in bead concentration at this point 
has little effect on sensor performance.

However, for the samples electrospun for 10 and 20 min, the 
pressure-response curves saturated at low pressures, rendering these 
pressure sensors almost unusable in practical applications. This may be 
because increasing the bead concentration can effectively increase the 
thickness of the nanofiber membrane. As the electrospinning time in
creases, the overall thickness of the membrane increases, and the 
microbeads are completely buried inside the nanofibers, leaving almost 
no protrusions on the surface of the nanofiber membrane. This results in 
complete contact between the upper and lower electrodes of the sensor 
under low pressure, leading to saturation in pressure response.

In addition, although the pressure-response curves of the three 
samples all reach saturation at low pressures, the total resistance 
changes are different within the measurable pressure range. Therefore, 
the surface morphology of the three nanofiber membranes was analyzed 
by SEM, and the results are shown in Fig. S5. Since the 5-min sample is 
very thin, we can easily distinguish the nanofibers from the substrate. 
Except for a few microbeads protruding from the surface, the nanofiber 
membrane is relatively flat, and the coverage of silver nanowires is high. 
This confirms our previous speculation. However, as the electrospinning 
time increases, the holes on the surface of the nanofiber membrane in
crease, and the coverage of silver nanowires between nanofibers 
significantly decreases. When there is no external pressure, the contact 
area between the upper and lower electrodes is small, resulting in a large 
initial resistance of the sensor. As the external pressure increases, the 
film thickness decreases, causing the silver nanowires in the holes to be 
exposed and contact the lower electrode, reducing the contact resistance 
between the upper and lower electrodes.

In summary, the sensing mechanism of the piezoresistive pressure 
sensor is based on the pressure-induced change in resistance, which 
occurs due to the interplay of structural features within the membrane. 
When external pressure is applied, internal hard microbeads act as 
spacers, limiting excessive membrane thinning and maintaining struc
tural stability. Simultaneously, surface pores on the membrane increase 
the contact area with the electrode as the membrane thins, enhancing 
the interaction between the two. These combined effects result in a 
gradual resistance decrease with increasing pressure, enabling accurate 
pressure sensing. Several nanofiber membranes were prepared accord
ing to different electrospinning conditions. By comparing and analyzing 
the sensitivity performance of the pressure sensors, we found that the 
preparation conditions of the nanofibers are the main factors affecting 

the final pressure sensors. Based on this result, we designed the nano
fiber electrode by optimizing the preparation conditions, which signif
icantly improved the performance of the sensor.

3.4. Stability

The dynamic response curves of the pressure sensor prepared in the 
experiment to different pressures are shown in Fig. 4a. We applied 
different pressures (200 Pa, 400 Pa, 800 Pa, 1.6 kPa, 5 kPa) to the sensor 
and repeated the pressing 5 times for each pressure. The sensor exhibits 
a stable and reliable response to the same pressure, and the response is 
consistent with the previous pressure-response curve. In addition, sen
sors based on nanofibers containing microbeads have fast response and 
recovery times. By pressing the pressure sensor with a pressure of 400 Pa 
and holding it for 1 s, and then removing the pressure, the response/ 
recovery time of the piezoresistive pressure sensor can be measured, 
which are 210 ms and 140 ms, respectively (Fig. 4b). This shows that the 
sensor can quickly respond to external pressure and meet the re
quirements for rapid detection.

As shown in Fig. 5, we studied the stability and durability of the 
sensor by performing 1000 loading-unloading cycles under a pressure of 
400 Pa. The procedural sequence encompasses four discrete steps: 
pressure loading, sustained compression for 1 s, pressure unloading, and 
a subsequent 1 s interval of inactivity. The speed of pressure loading and 
unloading was set to 10 mm⋅min− 1. After 1000 cycles of loading and 
unloading process, the response value of the sensor has hardly 
decreased. At approximately the 400th cycle, we selected 13 response 
and recovery cycles to evaluate the stability. As shown in the inset, the 
changes in each cycle are consistent, which illustrates the good repeat
ability of the sensor.

Fig. 4. (a) Dynamic response curves of the pressure sensor, (b) response/recovery time of the pressure sensor.

Fig. 5. Stability of the sensor through 1000 loading-unloading cycles under a 
pressure of 400 Pa. Inset shows an enlarged view around the 400th cycle.
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3.5. Application of pressure sensors in human body pulse measurement

Since the nanofibrous membrane is a flexible material, and the 
AgNWs used as the conductive electrode material also have excellent 
flexibility, so the proposed pressure sensor can be used for pressure 
detection on curved surfaces. In a real-time pressure detection demon
stration, a nanofiber-based pressure sensor was placed on the surface of 
a measuring cylinder, then its surface was tapped with a finger and the 
resistance change was monitored. Fig. 6 shows the dynamic resistance 
changes of the flexible pressure sensor when detecting random finger 
touches on the cylinder surface. The results indicate that our pressure 
sensor is capable of sensing and distinguishing various pressure levels 
even when operating on a curved surface. This not only demonstrates 
the sensor’s exceptional flexibility but also confirms that the ultra-thin 
sensing structure remains undamaged during bending. Moreover, it’s 
noteworthy that each touch can be clearly differentiated, with the 
resistance value dropping sharply upon finger pressure and swiftly 
returning to its initial value upon release. This illustrates that the sensor 
maintains high accuracy and sensitivity even when functioning on a 
curved surface.

Bending behavior generally induces compression or stretching of the 
overall structure. However, the device in this study primarily relies on 
resistance changes in the conductive thin film on the nanofiber surface 
to detect external pressure. Previously, we constructed a similar 
sandwich-structured device comprising top and bottom carrier films and 
a nanofiber membrane [46]. After subjecting the device to 250 bending 
cycles, we observed no significant degradation in capacitance values 
across the nanofiber membrane, indicating its ability to recover its 
original morphology after stress removal. In this study, the nanofibers 
are thinner, further enhancing the mechanical stability of the structure 
under bending. This ensures that the thin sensing structure remains 
undamaged, maintaining its exceptional flexibility and reliable perfor
mance during repeated bending cycles.

Based on the experimental results and analysis provided, we have 
developed a flexible piezoresistive pressure sensor with exceptional 
sensitivity. This sensor not only demonstrates the ability to detect low 
pressure effectively but also boasts a fast response time and outstanding 
stability. These characteristics make it well-suited for high-precision 
dynamic pressure sensing applications. To illustrate its practicality, we 
conducted tests utilizing human-body pulse waveforms.

Pulse waveform is an important feedback of human health infor
mation. By analyzing the pulse waveform data, information such as 
heart rate and cardiovascular status can be obtained [52]. It is of great 
medical significance in helping to diagnose hypertension, arterioscle
rosis, and other cardiovascular diseases and is also an important appli
cation of electronic skin devices. Usually, the pulse monitoring by an 
electronic skin is achieved through pressure or strain sensors. Specif
ically, the pressure or strain sensor is attached or fixed at a position 
where the pulse can be sensed. When the artery pulsates periodically, 

the pressure sensor undergoes compression or relaxation, detecting the 
signal which is then plotted into a waveform for subsequent analysis.

Fig. 7 illustrates the continuous monitoring of carotid artery and 
wrist artery pulse signals from the same volunteer over a span of 8.0 s. 
Each pulse signal exhibited a consistent pattern akin to that of a healthy 
30-year-old male. Our proposed pressure sensor, with a thickness of less 
than 80 μm, can be securely affixed using only tape for health moni
toring, providing significant convenience in practical applications. 
Notably, the sensor demonstrated stable and clear recording of pulse 
waveforms in both tests. Additionally, the signal amplitude of the ca
rotid artery notably exceeded that of the wrist artery pulse signal, which 
is consistent with real-world observations. Examining the enlarged view, 
each cycle of the arterial waveform comprises three characteristic peaks, 
and the correlation between these peaks can provide insights into the 
cardiovascular function condition. This is mainly due to the sensor’s 
high sensitivity, high repeatability and fast response time. The above 
results show that highly sensitive and flexible pressure sensors based on 
nanofiber membranes have broad application prospects in the field of 
high-precision dynamic pressure sensing, especially in human-computer 
interaction and health monitoring.

4. Conclusions

In this paper, we proposed a strategy for designing a novel flexible 
piezoresistive pressure sensor based on a nanofiber-microbead com
posite membrane. The microstructure is realized by nanofibers con
taining micron-sized beads, and the regulation of sensitivity and 
linearity is achieved by controlling the preparation conditions of the 
nanofiber composites. By studying the sensing properties of the nano
fiber based piezoresistive flexible pressure sensors, we noticed that the 
integration of microbeads is beneficial for improving the performance of 
pressure sensors based on nanofibers. Nevertheless, the presence of 
microbeads with high content can induce sensor saturation within the 
low-pressure region. In addition, choosing an appropriate electro
spinning time for nanofiber is also crucial for fabricating pressure sen
sors. Finally, a flexible pressure sensor has been developed that exhibits 
high sensitivity of 1.12 kPa− 1, low hysteresis deviation, fast response 
and recovery times of 210 ms and 140 ms, respectively, and good sta
bility over 1000 repetitive pressings. The sensor has been effectively 
demonstrated to operate on curved surfaces and can be attached to 
human skin, allowing real-time monitoring of wrist pulses and carotid 
pulses due to its outstanding sensing performance. It is believed that the 
proposed flexible pressure sensor with simple fabrication, low cost, high 
sensitivity and good stability can have broad application prospects in the 
fields of bionic electronic skin, wearable devices and future rehabilita
tion monitoring.

Fig. 6. Dynamic resistance changes of the flexible pressure sensor when detecting random finger touches on a cylinder surface.
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