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Abstract
The human skin has the ability to sense tactile touch and a great range of pressures. Therefore, in prosthetic or robotic
systems, it is necessary to prepare pressure sensors with high sensitivity in a wide measurement range to provide human-like
tactile sensation. Herein, we developed a flexible piezoresistive pressure sensor that is highly sensitive in a broad pressure
range by using lotus leaf micropatterned polydimethylsiloxane and multilayer superposition. By superposing four layers
of micropatterned constructive substrates, the multilayer piezoresistive pressure sensor achieves a broad pressure range of
312 kPa, a high sensitivity of 2.525 kPa−1, a low limit of detection (LOD) of <12 Pa, and a fast response time of 45 ms.
Compared with the traditional flexible pressure sensor, the pressure range of this sensor can be increased by at least an order
of magnitude. The flexible piezoresistive pressure sensor also shows high robustness: after testing for at least 1000 cycles,
it shows no sign of fatigue. More importantly, these sensors can be potentially applied in various human motion detection
scenarios, including tiny pulse monitoring, throat vibration detection, and large under-feet pressure sensing. The proposed
fabrication strategy may guide the design of other kinds of multifunctional sensors to improve the detection performance.
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Introduction

In the past decade, the flexible piezoresistive pressure sensor
has emerged as a new type of pressure and tactile sensing
method. In addition to its good response to dynamic or static
stimulation and thin flexible device architecture, it has the
advantages of high resolution, deformability, stretchability,
low weight, and good conformal ability. With the devel-
opment of robot intelligence [1, 2], electronic skin [3, 4],
and wearable medical devices [5, 6], the research of flexible
pressure sensing technology in medicine and industry has
gradually intensified [7–13].

Among different types of sensors, piezoresistive pressure
sensors have great practical application potential because
of their simple structures, easy manufacturing method, high
sensitivity, and low cost [14, 15]. A piezoresistive sensor con-
sists of a flexible substrate and an electrode layer. To be able
to adapt to practical applications, the desired sensor devices
are expected to feature a broad pressure response range and
high sensitivity.

Advanced flexible pressure sensors have been used to
monitor subtle movements such as robot fingers handling
delicate items [2], tactile sensing [7], noninvasive measure-
ment of blood pressure, and large pressure motions such

as walking, running, and jumping. Different applications
correspond to distinct pressure ranges: intrabody pressures
[16] and palpating cardiovascular activities [17] are usually
below 10 kPa; blood pressure monitoring devices [18] have
high pressures of more than 10 kPa, and the plantar pres-
sure of body weight can reach more than 100 kPa [19].
Tinypressures are sometimes superimposedonhigh-pressure
preloads; therefore, it is necessary to manufacture flexible
pressure sensors with high sensitivity in a wide pressure
range. The width of pressure range is an important fea-
ture of the sensor. When the high-pressure resolution can
be preserved over a wide pressure range, it simplifies data
processing and conversion. On the other hand, when the pres-
sure range is small, the pressure applied will easily exceed
the sensor measurement range, resulting in failed pressure
measurement and loss of sensing function. To broaden the
pressure range, Kwon et al. [20] reported a flexible and
wearable pressure sensor based on three-dimensional (3D)
microporous dielectric elastomer with a huge piezoelectric
capacitance effect. The 3D porous elastic bridge dielec-
tric layer could cover a wider pressure range (from 0.1 to
130 kPa) compared to those of previously reported micro-/
nano-structured sensing materials. However, the sensitivity
was only 0.601 kPa−1 when the pressure was under 5 kPa,
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and it decreased to 0.077 kPa−1 when the pressure was more
than 30 kPa. Therefore, it seems a great challenge to obtain
high sensitivity in a wide pressure range.

The high sensitivity of a flexible sensor allows the accu-
rate identification of tiny pressure changes with a high
signal-to-noise ratio.Meanwhile, the sensitivity of traditional
piezoresistive sensors is limited by the low compressibility
of the substrate. Designing microstructured substrates with
higher compressibility has proved to be an effective way
to increase sensitivity [21]. The commonly used method
involves casting on silicon mold prepared in advance [13]
or laser etching molds. Another frequently used approach is
the template method. Using the above methods, substrates
with micropillar arrays [12, 22], micropyramid arrays [22,
23], microdome arrays [22, 24], microcones [23], and con-
ical frustum-like microstructures [25] can be applied in the
manufacture of high-sensitivity pressure sensors. In the low
pressure range, the microstructures can effectively concen-
trate the loads, resulting in a rapid increase in the area of
contact with the loads, thus greatly improving sensitivity.
However, as the pressure increases, incremental deforma-
tion and stress accumulation within the existing contact area
will lead to a reduction in sensitivity, resulting in devia-
tions from pressure. For example, Zhong et al. [26] reported
a pressure sensor with ultra-high sensitivity prepared by a
surface patterned nanofiber membrane (SPNM), which was
obtained by simply replicating a commonlywoven nylon tex-
tile. The optimal pressure sensor showed a high sensitivity of
19.4 kPa−1, but the pressure range was narrow at 2.76 kPa;
thus, it was not available for high pressure monitoring.

There is an abundance of reports on sensors based on
polydimethylsiloxane (PDMS) films, which have different
microstructures inspired by nature. Most of them have tradi-
tional sandwiched structures.Herein,we propose an effective
strategy for fabricating multilayer flexible piezoresistive
pressure sensors with broad pressure range and high sensi-
tivity by using lotus leaf as a template. Compared to previous
attempts, this paper adopts themethod ofmultilayer superpo-
sition to greatly optimize the performance of the sensor and
uses a simple method to ensure its superior performance.
After two steps of replication, micropatterned polydimethyl-
siloxane (m-PDMS) was prepared for a flexible substrate,
which had large-aspect-ratio and low-density papillae pat-
terns. To make the substrate conductive, a thin silver layer
was deposited on the m-PDMS surface as the sensing elec-
trode of the piezoresistive pressure sensor. To achieve high
sensitivity across a broad pressure range, four layers of
m-PDMS with Ag electrode were stacked together. The
fabricated multilayer flexible piezoresistive pressure sensor
exhibits a high sensitivity up to 2.525 kPa−1, a wide pres-
sure range of up to 312 kPa, a fast response time of 45 ms,
a low limit of detection (LOD) of <12 Pa, and good stabil-
ity after more than 1000 testing cycles. This sensor type has

been proven to be useful for detecting small vibrations such
as wrist pulses, carotid pulse, and acoustic waves. Moreover,
it was used to measure large movements like plantar pres-
sure during walking, running, and jumping. Therefore, our
flexible piezoresistive pressure sensor has great versatility
and shows great development potential in future wearable
devices and artificial intelligence technology.

Experimental method

Fabrication of PDMS conducting films with lotus leaf
microstructure

First, fresh lotus leaves were collected in Nanhu Park of
Changchun City and were cut into sizes of 4 cm×2.5 cm
(flat large leaves without bulge were chosen). The leaves
were washed 3 times with deionized water and dried at room
temperature. Then, they were attached to a flat substrate by
using double-faced adhesive tapes.

Second, the m-PDMS flexible film was fabricated. Epoxy
base and curing agent were mixed (base:curing agent=3:1
by weight) by mechanical stirring at least for 10 min. After
degassing, the mixture was poured onto the surface of the
lotus leaf, degassed again and cured 20 h at room tempera-
ture. The lotus leaf was stripped from the surface, and epoxy
mold with reverse structure was prepared. The PDMS solu-
tion (Dow Corning Sylgard 184; prepolymer base:curing
agent=10:1 by weight) was prepared by mechanical stirring
for 15 min, degassed again and poured onto the negative
epoxy mold. Degassing was performed once more to facil-
itate PDMS infiltration and heating followed at 80 °C for
2 h, and then, the m-PDMS thin film was easily peeled off
from the epoxymold. Epoxymold is a very strong thermoset-
ting material with corrosion resistance and no deformation.
Therefore, the epoxy mold can be used for extended periods,
and the resulting PDMS base layer microstructure morphol-
ogy is stable.

Third, the flexible electrode was prepared by sputter-
coating (108 auto Cressington sputter coater) metal Ag
(thickness=70 nm) onto the m-PDMS. The thickness of Ag
film was controlled through changing the spray time (90 s)
and the spray current (30 mA). Finally, the m-PDMS con-
ductive film formed by a lotus leaf was obtained.

Fabrication of flexible E-skin

The flexible pressure sensor of this work was composed of
four layers of m-PDMS conductive films. We placed the
rough surfaces face-to-face and stuck the flat surfaces as
shown in Fig. 1a. Copper wires that were soldered onto the
copper tape were adhered to the border of Ag films (Fig. 2c).
The copper tape did not touch any other film surface due
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Fig. 1 Preparation process of flexible piezoresistive pressure sensor and
the scanning electron microscope (SEM) images of the microstructure.
a Schematic illustration of the fabrication process of a pressure sensor
device. b–d 45° tilt view SEM images of a lotus leaf. Scale bar: 50 µm,

10 µm, 2 µm. e–g 45° tilt view SEM images of m-PDMS. Scale bar:
50 µm, 10 µm, 5 µm. h–j 45° tilt view SEM images of a patterned Ag-
PDMS. Scale bar: 50 µm, 10 µm, 5 µm. PDMS: polydimethylsiloxane
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Fig. 2 Characterization of the flexible piezoresistive pressure sensor
with two layers and four layers, respectively. a Schematic diagramof the
workingmechanism of the two-layer sensor with pressure applied.With
rising pressure, the contact area between the electrode layers enlarges.
bThe proposed equivalent circuit diagram of the two-layer sensor. Each

papilla is considered as a variable resistor (Rn), and its resistance value
is dependent on the contact area of the papillae with the opposite side
contact point. c Schematic diagram of the working mechanism of the
four-layer sensor with pressure applied. d The proposed equivalent cir-
cuit diagram of the four-layer sensor

to covering the non-conductive tape (Fig. 2c). In the end,
the four edges of the sensor were covered by polyethylene
terephthalate (PET), and the flexible pressure sensor with
high performance was produced.

Structure characterization

Surface characterizations and energy spectrumwere obtained
by a scanning electron microscope (SEM, XL-30 ESEM
FEG, FEI COMPANY, Hillsboro, USA). The height of the
surface microbumps was obtained by confocal microscopy
(06003842, Olympus Corporation, Japan).

Testing of pressure sensing performance

All testing experiments of the sensorswere carried out using a
universal testing machine (WDW-05) controlled by a micro-
computer. The resistance of the sample was measured by a
digital precision multimeter (Keyssight, 34465A) (Fig. S4
in Supplementary Information). To determine the low detec-
tion limit, a small super light clay (0.476 g) was placed onto
a pressure sensor device (4 cm2 in area). The test on a human
body was conducted on a healthy volunteer, Han Wu, with
his consent.

Results and discussion

Design principle and fabrication of piezoresistive
pressure sensor

We fabricated a multilayer structured flexible piezoresistive
pressure sensor by using lotus leaf as a template. Figure 1a
and Fig. S1 (Supplementary Information), respectively,
present the manufacturing process and physical image of
the flexible piezoresistive pressure sensor. The substrate with
microstructure was obtained by using the template method.
After the microstructure of lotus leaf was reproduced, an
Ag film was sputtered on the m-PDMS substrate. For bet-
ter replication quality, PDMS (base:curing agent=10:1 by
weight) was utilized, as it is suitable for replicating nanoscale
patterns. The greater the compressibility of material used,
the broader pressure range and the greater sensitivity of
the fabricated sensor [27]. To improve the pressure range
and sensitivity of pressure sensors, dielectric layers with
low Young’s modulus are often used. Nevertheless, a softer
base layer usually exhibits higher viscosity, and PDMS with
unstructured surface results in an increase in viscosity, both
of them leading to lower response speeds. Therefore, soft and
highly sticky base layers should be avoided. In this work, m-
PDMS(base:curing agent=10:1 byweight) allowed for easier
deformation and faster response speed at the same time.
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The introduction of lotus leaf microstructure can improve
the sensitivity of the sensor and reduce the manufacturing
cost. Figures 1b–1d present the SEM images of the surface
structure on the lotus leaf, indicating that the surface of lotus
leaf is composed of randomly distributed nanoscale papillae.
A 3D confocal image can be seen in Fig. S2 (Supplementary
Information), which shows that the height of the papillae on
the Ag-PDMS film is from 7 to 16 µm, the base width of
the papillae is from 5 to 12 µm, and the average distance
between papillae is about 20µm. The microstructures on the
surface of lotus leaf have a higher aspect ratio to deform,
and there is more room to compress. Moreover, the lower
the density of the microstructure, the “softer” the dielectric
layer, and thus the pressure range and the sensitivity can
be improved. Microstructures are more compressible with
smaller sizes and when they are more dispersed [28]. The
papillae structures have an uneven stress distribution where
the stress is concentrated at the top. For a given applied
stress, microstructures have greater local stress concentra-
tion than non-structured surfaces, which can lead to greater
changes in the contact area. Figures 1e–1g show the SEM
images of PDMS with microstructures, where the papillary
microstructure has been copied onto the PDMS membrane.
Figures 1h–1j illustrate the presence of papillary structure on
an Ag-PDMS film, demonstrating that the stacked metal Ag
has entirely covered the surface of m-PDMS (Fig. S3 in Sup-
plementary Information). By adjusting the sputtering current
and the sputtering time of metal Ag, the thickness of Ag
electrode can be easily controlled. When studying the thick-
ness of the conductive silver layer, the thinner (40 nm) ones
have low conductivity and low resistance change, while the
thicker (120 nm) ones have stable resistance but low response
impedance. Thus, the silver layer with the thickness of 70 nm
exhibits stable resistance and high response impedance (Fig.
S4 and Table S1 in Supplementary Information); therefore,
it was chosen in this study.

The design concept of this sensor includes four layers
of Ag-PDMS stacked together to increase the sensitivity
while also extending the pressure range. For comparison,
the working mechanism of the traditional two-layer sensor
is demonstrated in Figs. 2a and 2b. When a constant voltage
of 1 V is applied to the sensor, the current flows through the
papillae tip to the opposite side contact point, and each tip
is similar to the resistor in a parallel circuit. When external
pressure is applied to the sensor, it will cause deformation of
the papillary structure, leading to an increased contact area
between the papillary tip and the opposite side contact point,
and the conductive path increases accordingly. This leads
to a drop in the resistance of the device, which results in an
increase in the current.Due to the elastic properties of PDMS,
the papillae structure will return to its initial state when the
pressure is released. Thus, the conductive path decreases and

the resistance increases. To build a superior flexible piezore-
sistive pressure sensor device, four layers of Ag-PDMS films
were stacked together face to face (Fig. 2c). In the novel four-
layer structure, four electrode layers were superimposed face
to face, equivalent to two resistor devices in series (Fig. 2d);
so, the initial resistancemultiplied comparedwith a two-layer
sensor. Relative to a single resistance device, the four-layer
structure has more contact points under the same pressure,
and the relative resistance changes will be greater. The four-
layer structure has four layers of m-PDMS and thus greater
compressibility, and the sensitivity of the corresponding sen-
sor will be higher. The contact area of the two-layer sensor
will be saturated at a small pressure, and it reaches the upper
limit of the pressure measurement range. However, in the
four-layer sensor, which has more papillae structures and
greater compressibility, more pressure is needed to reach the
saturation of contact area, so the pressure range is broader.
Therefore, a multilayer superposition of papillae microstruc-
tures and the flexible property of PDMS should render the
sensor excellent sensing performance.

Sensing performance under pressure

In order to investigate the effect of the four-layer m-PDMS
electrode superposition on the sensing performance, a tra-
ditional two-layer m-PDMS electrode sensor was fabricated
for comparison. To quantitatively evaluate the sensing per-
formance of the sensor, the change of current with pressure
was monitored by a digital source meter equipped with a
compression testing machine, as shown in Fig. S5 (Supple-
mentary Information). At a voltage of 1 V, the real-time
current was recorded while increasing the applied vertical
pressure. The curve of loading force versus time and the curve
of integrated current versus time are demonstrated in Fig.
S6 (Supplementary Information). The results indicate that as
the pressure on the device increases, so does the measured
current. According to the results shown in Fig. S6 (Supple-
mentary Information), the relative current change �I/I0 at
different load pressures is calculated. Figure 3a shows that the
relative current change increases with increasing load pres-
sure. The sensitivity of the pressure sensor can be obtained by
calculating the data in Fig. 3a, which is determined according
to the following formula:

S = (�I/I0)/�P , (1)

where I0 represents the initial current without pressure
loaded, �I represents the difference between the initial cur-
rent and instantaneous current under regular pressure, and
�P is the change in the loaded pressure [29]. As demon-
strated in Fig. 3a, the variation in current curve with the
change in applied pressure is obtained. For the four-layer sen-
sor, the sensitivity of the device reaches 2.525 kPa−1 when
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Fig. 3 Properties of the piezoresistive pressure sensors. a Sensitiv-
ity of the four-layer (blue sphere) and two-layer sensor (red sphere).
bCurrent-time curve recorded on the sensor device when the weighting
super light clay repeating the loading and unloading processes. cDetec-
tion of super light clay stacked onto the sensor device that has been
preloaded with pressures of 0, 25, 50, and 100 kPa. d The sensitivity

of our pressure sensor compared with other flexible pressure sensors.
e The response time and recovery time of the pressure sensor under 25 g
weight of loading pressure and unloading pressure. f The durability of
pressure sensor was tested by repeated loading and unloading opera-
tions (the total duration was 10,000 s, 1000 circles) with a pressure of
≈6 kPa

the pressure is less than 30 kPa. Meanwhile, in the pres-
sure region of 30–312 kPa, the sensitivity of the device is
0.172 kPa−1; by contrast, the two-layer sensor shows sen-
sitivities of 0.525 and 0.006 kPa−1 in the pressure regions
of 0–34 kPa and higher than 34 kPa, respectively, which are
less than those for the four-layer sensor. It follows that the
sensitivity of a four-layer sensor is 5 times larger than that

of the traditional two-layer sensor, and the pressure range of
the four-layer sensor can increase by an order of magnitude
compared to that of the two-layer sensor. In the four-layer
structure, four m-PDMS electrode layers are superimposed.
The pressure measurement range of the four-layer structure
reaches 312 kPa, and the sensitivity is also high enough to
meet the pressuremeasurement of various parts of the human
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body and various movement modes; hence, the sensing per-
formance of the four-layer sensor is sufficient. The pressure
range of a six-layer structured sensor will be wider, but the
thickness of the device will also increase accordingly, which
will affect the wearing comfort. Therefore, we chose a four-
layer structure sensor.

Compared with the two-layer sensor, the four-layer sensor
can saturate the contact area under greater pressure, so it has
a much broader pressure range. At the same time, the four-
layer sensor’s contact area is greater under the same pressure,
and both the current increase and the sensitivity are higher. To
measure the LOD of the sensor, a 2 cm×2 cm piece of super
light clay (0.476 g, 11.66 Pa) was loaded evenly on the device
surface, as shown in Fig. S7 (Supplementary Information),
and the LOD of the sensor was 11.66 Pa. Figure 3b shows
that after repeating the loading and unloading processes of
the clay (0.476 g, 11.66 Pa) several times (Fig. S7 in Sup-
plementary Information), it was revealed that the sensor is
quite sensitive to a tiny pressure, and the current change is
stable. Additionally, the tiny pressure (four pieces of super
light clay in similar sizes were stacked on the sensor surface)
could be successfully recognized evenwhen the low pressure
(0 and 25 kPa) or high pressure (50 and 100 kPa) had been
preloaded onto the sensor (Fig. S8 in Supplementary Infor-
mation), as shown in Fig. 3c. The current also increased with
the loading pressure.

The comparisons of sensitivity and detecting range with
other reported flexible pressure sensors are summarized in
Fig. 3d and Table S2 (Supplementary Information) [2, 5, 20,
26, 30–40]. Sensors with high sensitivity (1.35–34 kPa−1)
usually have narrow pressure ranges below 3 kPa. Mean-
while, sensors with broad pressure ranges (0–130 kPa)
usually have low sensitivities of up to 0.26 kPa−1. For exam-
ple, Boutry et al. [2] reported a biomimetic soft electronic
skin with pyramid microstructures, which were arranged
along phyllotaxis spirals as inspired by nature, and had a
pressure range of 0–100 kPa and a sensitivity of 0.19 kPa−1.
Kwon et al. [20] developed a wearable pressure sensor
based on the giant piezocapacitive effect of a 3D microp-
orous dielectric elastomer, which showed a pressure range
of 0–130 kPa and a sensitivity of 0.601 kPa−1. In this work,
the sensor not only featured a much broader pressure range
of 0–312 kPa, which is 2 or 3 times larger than that of
sensors described above, it also featured high sensitivity of
2.525 kPa−1, which is almost an order of magnitude higher
than those in previously reported works. Such a large pres-
sure range can satisfy the pressure range occurring in all
parts of the human body and various sports, especially for
monitoring the pressure of lower limbs’ movements, which
can be used for the sensing of lower limb prosthetics to real-
ize their intelligent application. To study the response time
of our resistance pressure sensor, we placed a 25 g weight
on the surface of the sensor. As exhibited in Fig. 3e, the

current of sensor rose rapidly after a rapid response time
of 45 ms, which is equivalent to the response time of the
human skin (30–50 ms) [41]. After releasing the pressure,
the sensor current decreased rapidly with the short recovery
component within about 70 ms and then decayed to its initial
value (Fig. 3e). The difference in loading response timesmay
be attributed to the unloading speed that was slower than the
loading speed.

The stability of the four-layer flexible pressure sensor was
tested through repeated loading and unloading of 6 kPa pres-
sure 1000 times. Using the computer, the universal testing
machine was programmed to circularly apply 6 kPa pressure
on the pressure sensor surface 1000 times, and the current
was monitored throughout the pressure changes. As shown
in Fig. 3f, the reliability and the repeatability of the sensor
were proven: There was little change of�I/I0. Figure 3f also
shows the signal under three phases of the repeated tests with
very similar waveforms, and that no fatigue occurred dur-
ing the 1000 loading and unloading cycles. Therefore, the
piezoresistive pressure sensor in this work exhibits excel-
lent performance regarding high sensitivity, broad pressure
range, lowLOD, and good stability and reliability. Generally,
for most piezoresistive pressure sensors, high sensitivity is
obtained in the low pressure ranges [26, 36, 37]. However,
the sensitivity of these sensors usually becomes very low in
the high pressure range, which greatly limits their practical
application in motion monitoring [26, 36, 37]. In this work,
under the pressure of 30 kPa, the sensitivity was retained at
about 2.525 kPa−1, and the pressure-detecting range reached
312 kPa, which is much wider than those in previously pub-
lished works [26]. Moreover, the response time of the sensor
in this study was 45 ms, which can meet the requirements for
most of the practical pressure measurements. Owing to these
characteristics, the proposed pressure sensor has great poten-
tial for the quantitative detection of various human activities
when used as E-skins, lower limb prosthetic sensing equip-
ment, or health monitoring devices.

Physiological signal detection

Piezoresistive pressure sensors have great flexibility, high
sensitivity, and wide detection range, which can be used
to monitor a variety of physiological signals and physical
motions. Our flexible device can be gently and conveniently
attached onto the neck and wrist with tapes to measure pulse
vibrations, as exhibited in Fig. 4a. Pulse wave is an impor-
tant physiological phenomenon that can be detected along
the arterial system and contains a large number of reliable
signals. From the pulse intensity, frequency, and reflection,
medical experts can gather information about blood pressure
(BP), velocity, viscosity, blood flow resistance, and vascular
wall status, which can aid diagnosis and prevention of cardio-
vascular disease [42]. Figure 4b exhibits the real-time pulse
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Fig. 4 Applications of the piezoresistive pressure sensor under a voltage
of 1 V. a Photograph of the location pressure sensor attached to the neck
and wrist with tapes to measure pulse vibrations. b, c Real-time current

variation of carotid artery pulse monitoring. d, e Real-time current vari-
ation of vocal cord vibration monitoring for the utterance of “Hello.” f ,
g Real-time current variation of radial artery pulse monitoring

monitoring of the volunteer’s carotid artery, and there are
approximately 8 peaks in 6 s (80 pulses/min). In the magni-
fied diagram of a single pulse cycle (Fig. 4c), the pulse wave
characteristics of percussion wave (P1), tidal wave (P2), and
dicrotic wave (P3) can be distinguished clearly. Figure 4f
demonstrates the real-time pulse monitoring of the radial
artery in a volunteer using our piezoresistive pressure sen-
sor. Figure 4g can clearly distinguish between the pulse wave
characteristics of percussion wave (P1), tidal wave (P2), and
dicrotic wave (P3). Besides the pulse signals, the vibration
of the vocal cord can be detected by the sensor. Figure 4d
exhibits the real-time current output of the volunteer saying
“Hello” in English, which reveals that the pressure sensor can
produce highly repeatable, strong current signals and iden-
tifiable peaks. By amplifying the “Hello” peak signal, the
waveform of the phrase has changed slightly (Fig. 4e). This
observation indicates that our pressure sensor has the abil-
ity of “identifying” and “speaking.” The above experiments

reveal the ability of the piezoresistive pressure sensor of this
paper to detect tiny signals.

The experiment showed that the sensor is stable and sen-
sitive in a broad detection range; therefore, it has a good
ability to detect high pressures. Here, the sensor was applied
to monitor the gait of a human volunteer. The average plantar
pressure of an adult male (weighing 75 kg and wearing shoes
of U.S. size 8.5) in static standing state is about 35 kPa [43].
Our piezoresistive pressure sensor can work well under the
continuous pressure of the soles. We first installed piezore-
sistive pressure sensors on the sole of foot and the heel
of the foot (shown in Figs. 5a and 5b). The two sensors
were connected to two digital multimeters to simultane-
ously detect current changes caused by foot pressure during
slow walking. Figures 5a and 5b present the real-time sig-
nal waves with different relative current changes of the sole
and heel. The blue curve indicates the change in relative
current generated by the heel, which is larger than the red
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Fig. 5 Human gait monitoring of the sensor. a Current change signal of
the sole and heel pressure detected during walking. b A single period
of the current change of the sole and heel pressure detected during
walking. c Current change signal of the heel pressure detected during

running. d Current change signal of the heel pressure detected during
climbing the stairs. e Current change signal of heel pressure detected
during walking, marked-time march, and jumping

curve showing the relative current change generated by the
sole. This is because the heel usually bears more pressure
than the sole while walking. Figure 5c shows the current
signal change of the heel pressure while running on the
treadmill at the speed of 6 km/h; the peaks of landing can
be clearly observed. Figure 5d illustrates the current signal

change of the heel pressure while climbing the stairs; the
curve shows the fluctuations of landing. Figure 5e exhibits
the current signal change with specific amplitudes and fre-
quencies. Slow walking corresponds to a low frequency that
is reflected in a stable periodic waveform. Meanwhile, the
fast marked-time march results in an increased frequency

123



Bio-Design and Manufacturing (2023) 6:243–254 253

and weak intensity. Jumping yields sharp peaks of landing
and has a volatility curve of taking off. Since our sen-
sors have good sensitivity at high pressure, the different
motion modes can be easily differentiated from the wave-
forms.

Conclusions

In this work, a flexible, sensitive and large pressure range
piezoresistive pressure sensor was designed and prepared
using a multilayer superposition method with papillae
microstructural electrode layers. The papillae microstruc-
tures obtained through the template method were used to
improve the sensitivity, and the purpose of multilayer super-
position strategy was to get broad pressure range and high
sensitivity. In the experiment, the flexible pressure sensor
showed a sensitivity of 2.525 and 0.172 kPa−1 in a pres-
sure range of less than 30 and 30–312 kPa, respectively.
Moreover, it had a fast response time (within 45 ms), low
detection limit (less than 12 Pa), and good reproducibil-
ity over 1000 cycles. It showed a pressure measurement
over a very broad range of 0–312 kPa. These piezoresistive
pressure sensors could recognize vocal band vibration and
measure human pulses and also demonstrated the ability to
monitor the plantar pressure under multiple movement pat-
terns owing to the broad pressure range. In addition, they
exhibited high sensitivity even under a large preload. These
remarkable features indicate that the proposed sensor has
great application potential in thefield ofwearable electronics,
motion monitoring, health monitoring, and human interface
technologies, especially in applications with high pressure
ranges.
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