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ABSTRACT: Wearable sensors are vital for the development of
electronic skins to improve health monitoring, robotic tactile
sensing, and artificial intelligence. Active materials and the
construction of microstructures in the sensitive layer are the
dominating approaches to improve the performance of pressure
sensors. However, it is still a challenge to simultaneously achieve a
sensor with a high sensitivity and a wide detection range. In this
work, using three-dimensional (3D) vertical graphene (VG) as an
active material, in combination with micropyramid arrays and
lumpy holders, the stress concentration effects are generated in
nano-, micro-, and macroscales. Therefore, the lumpily pyramidal
VG film-based pressure sensor (LPV sensor) achieves an ultrahigh sensitivity (131.36 kPa−1) and a wide response range (0.1−100
kPa). Finite element analysis demonstrates that the stress concentration effects are enhanced by the micropyramid arrays and lumpy
structures in micro- and macroscales, respectively. Finally, the LPV pressure sensors are tested in practical applications, including
wearable health monitoring and force feedback of robotic tactile sensing.
KEYWORDS: vertical graphene, micropyramid arrays, stress concentration effect, high sensitivity, broad sensing range

1. INTRODUCTION
With rapid development of electronic technology, intelligent
devices are booming in recent years. Smartwatches, as the most
representative intelligent devices, have been marketed to over
200 million last year, indicating their great popularity among
consumers. Sensors are the crucial component that translates
the surrounding information into electrical signals, acting as
the “eyes” of intelligent devices. Most intelligent devices aim at
the advantages of being portable and wearable; therefore,
flexibility has become the basic requirement for sensors.1−5 Xu
et al. design a pressure sensor using flexible substrates and
active materials with excellent conductivity, which has emerged
for applications in wearable devices.6 Even though many
sensors already have flexible sensing hallmarks, the sensitivity
and sensing range are usually incompatible. To apply to more
application scenarios, maintaining high sensitivity in a wide
pressure range has become a great challenge, which plays an
essential role in the fields of intelligent identification and
human−machine interfaces.
Active materials are determinative of the properties of the

pressure sensors. Considerable amounts of active materials,
such as conductive polymers,7−10 metal nanowires,11,12

nanoparticles,13 silicon nanoribbons,14 carbon black,15 carbon
nanotubes,16−19 and graphene,20−26 have been used in flexible
sensors. Among them, graphene and its derivatives have shown
great potential, owing to their superior mechanical properties

and tunable microstructures. Ren et al. proposed a highly
sensitive graphene-based pressure sensor to detect dynamic
gait motion, which showed a sensitivity of up to 25.1 kPa−1 in a
linearity range of 0−2.6 kPa.27 Chen’s group developed a
graphene-based strain and pressure sensor, which displayed a
high sensitivity of 0.36 kPa−1 under the pressure of 0−4 kPa
and exhibited great potential in health monitoring and human
motion detection.28 In the face of significant flourish of
improving sensitivity using graphene as the sensitive material,
most of the sensors exhibit an appreciable sensitivity only
under low pressure.29−32 The sensitivity decreases with the
increase of the pressure,30,31,33−35 which means that the
sensitivity and range of the sensor have not achieved
compatibility at the same time.
Therefore, there is a great necessity to develop a high-

performance flexible sensor that can effectively capitalize on
the excellent properties of graphene while overcoming the
limitations of existing sensors. In our previous work, the
nanoscale stress concentration effect of three-dimensional
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(3D) vertical graphene (VG) has been identified in a strain
sensor,36 in which the vertically aligned nanostructure renders
enhanced sensing performances over the two-dimensional
(2D) graphene film-based sensor. Besides active materials, a
further option to broaden the sensing range and increase the
sensitivity is to build a stress concentration structure in the
microscale level.37−39 However, the improvement of the
sensing range still cannot satisfy the requirement. For example,
Hu et al. develop a wearable pressure sensor with micro-
structures and achieve a sensitivity of 14.4 kPa−1, while the
sensing range is below 15 kPa.40 With regard to various
applications, such as robot operation and health monitoring, a
high sensitivity and wide sensing range are highly required.
In this work, a lumpily pyramidal VG film-based (LPV)

pressure sensor with a wide sensing range and high sensitivity
is successfully achieved by introducing the stress concentration
in nano-, micro-, and macroscales. The VG active layer,
micropyramid arrays, and lumpy structures of the sensor
provide the stress concentration effects in nano-, micro-, and
macroscales, respectively, enhancing the deformation of the
active layer. In this manner, the sensing range and sensitivity of
the sensor are remarkably ameliorated. The relative resistance
variation of the LPV-5 sensor can reach over 15 000 at 100
kPa. The finite element analysis (FEA) verifies that the
micropyramid arrays and lumpy structure increase the
deformation effect in micro- and macroscales of the pressure
sensor. Therefore, sensors with both an outstanding sensing
range and sensitivity can play a synergetic contribution in
object recognition, motion monitoring, and other fields.

2. EXPERIMENTAL SECTION
2.1. Preparation of Sensors. First, a micropatterned pyramidal

Si template was fabricated as the substrate for VG growth. The
pyramid pattern was defined by photography on a 4 in. Si wafer, and
then silicon was etched chemically and anisotropically using
potassium hydroxide. Each pyramid had a square area of 5 × 5 μm.
The micropatterned Si mold was cleaned with alcohol and acetone
with ultrasonication. The Si template was put into a tubular furnace

for VG growth using a plasma-enhanced chemical vapor deposition
(PECVD) process. The furnace was heated to 900 °C at a pressure
lower than 1 mTorr. H2 [2 standard cubic centimeters per minute
(sccm)] and C2H2 (6 sccm) flowed into the furnace, and VG was
grown at a plasma power of 500 W for 1 h, followed by natural
cooling to room temperature. As a result, the VG film was grown on
the mold surface with a thickness of around 5 μm. A Dow Corning
Sylgard 184 silicone elastomer was mixed at the ratio of 13:1 to
prepare the polydimethylsiloxane (PDMS) solution. Then, the PDMS
solution was poured onto the mold surface, and a film with 600 μm in
thickness was formed. Afterward, the VG/PDMS film can be peeled
off from the mold after curing at 80 °C for 2 h. By this means, the
pyramidal VG arrays were successfully attached to the PDMS surface,
serving as the active layer of the pressure sensor. The pyramidal VG
film (PV)-based sensors are named according to the size and intervals
of the pyramids (Figure S1 of the Supporting Information), in which
the first number indicates the pyramid size and the second number
represents the interval between pyramids (Table S1 of the Supporting
Information). For example, the sensor with 5 μm pyramid size and 5
μm pyramid interval is denoted as PV5-5. The sensor based on a flat
VG film without patterns is named flat VG. Because silicon ⟨100⟩ was
etched at a fixed angle (54.74°), the height of pyramids can be
calculated by the size of the pyramid. As illustrated in Figure S2 of the
Supporting Information, the heights of the pyramids with sizes of 5,
10, 20, and 50 μm are 3.54, 7.07, 14.14, and 35.36 μm.

A HORI 3D printer (E2) is utilized to fabricate the auxiliary
deformation holders using polylactic acid (PLA) filament. The
operation temperature of the printer was 210 °C, and the printing
speed was set to 40 mm/s. The upper holder consisted of four stripes
with an interval, height, and width of 5, 1, and 1 mm, respectively.
The lower holder was composed of five stripes with an interval,
height, and width of 5, 1, and 1 mm, respectively. The sensor was
assembled in a sandwich structure with the VG/PDMS film placed
between the upper and lower holders. The resulting LPV-based
sensors with intervals of 4, 5, and 6 mm are named LPV-4, LPV-5, and
LPV-6, respectively. For comparison, the sensor based on lumpy flat
VG with a grid interval of 5 mm is also prepared, which is named
LFV-5.

To exhibit the superior property of VG, two-dimensional (2D)
graphene was also synthesized as the active layer of the pressure
sensor as a control group. The Si wafer was used as the growth

Figure 1. Schematic illustration of the fabrication process of the PV-based pressure sensor: (a) schematic illustration and top-view SEM images of
the Si template with inverted micropyramid arrays prepared by photolithography, (b) schematic illustration and top-view SEM images of the
pyramidal VG film on the Si template, (c) schematic illustration and top-view SEM images of convex pyramid arrays, (d) Raman spectrum of the
pyramidal VG film on the Si template, and (d) photograph of a PV-based pressure sensor.
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substrate and put into the tubular furnace. The furnace was heated to
900 °C at a pressure lower than 1 mTorr. Then, 6 sccm of C2H2 and 2
sccm of H2 flowed into the furnace for 30 s under the plasma power of
500 W. The sensor based on 2D graphene is named flat Gr. The
pyramidal 2D graphene sensor with a pyramid size and interval of 5
μm is denoted as PG5-5, and lumpily pyramidal 2D graphene with a
pyramid size and interval of 5 μm and grid interval of 5 mm is named
LPG-5. Detailed conditions of all fabricated sensors are shown in
Table S1 of the Supporting Information.
2.2. Characterization and Measurements. Scanning electron

microscopy (SEM, Hitachi SU-8010) was used to characterize the
morphology of the samples. Raman spectra were recorded on a
Horiba Scientific LabRAM HR Evolution Raman microscope with a
laser operated at 523 nm. The pressure was applied by an electric
tensile pressure tester (ZQ-990B). Resistance was recorded by a
Keysight E4980A Precision LCR meter.
2.3. Sensitivity. Sensitivity is a key parameter to evaluate the

sensing performance of pressure sensors. Sensitivity is defined as S =
(ΔR/R0)/ΔP, where ΔR is the resistance change before and after
pressure is applied, R0 is the initial resistance, and ΔP is the pressure
change.
2.4. Pressure. The pressure is calculated by the formula P = F/A,

where F is the force applied by the electric tensile pressure tester and
A is the area of the sensor. The sensor is 4 cm long and 1.5 cm wide.
The area of the sensor works out to 6 cm2.
2.5. FEA Simulation. 2.5.1. Simulation of the Pressure

Distribution on the Flat VG-Based Sensor, PV50-50, and PV5-5.
FEA is implemented using COMSOL Multiphysics 5.6. The pyramids
with a width of 5 μm and height of 20/π μm were carried out in the
analysis. In the simulation model, the boundary road of 10 kPa was
applied on the surface. The tip of the pyramid would be pressed
against the hard surface to deform. The model is analyzed by a
physical model of plane strain under 2D approximation.
2.5.2. Simulation of the LPV Sensor in the Macroscale. The total

length of the model was set as 25 mm in the simulation, and the
intervals of the holders were 4, 5, and 6 mm, respectively. In the
simulation model, 100 kPa of pressure was applied to the upper
surface.
2.5.3. Simulation of the Pressure Distribution of 2D Graphene

and VG. In the 2D approximation, a triangle with a base length of 5
μm and height of 3.5 μm was designed to simulate a single pyramid.

VG layers were vertically distributed on the edge of the pyramid, and
2D graphene was attached to the edge of the pyramid. Pressure
distributions of VG and 2D graphene on the micropyramid at 10 kPa
were simulated.

3. RESULTS AND DISCUSSION
The schematic illustration of the fabrication process of the PV-
based pressure sensor is presented in Figure 1. VG was grown
on an inverted micropyramid array patterned silicon wafer by
the PECVD method. After the growth process, the surface of
silicon was fully covered with vertically oriented graphene
sheets (Figure 1b). The successful growth of VG is also
confirmed by the Raman spectrum (Figure 1d), in which
representative D, G, and 2D peaks appear at 1350, 1608, and
2680 cm−1. Afterward, PDMS was spin-coated followed by
peeling off VG from the substrate to obtain the VG/PDMS
film, in which the convex pyramid arrays were constructed, as
presented in Figure 1c. VG is composed of a planar carbon
layer and vertically oriented graphene sheets (Figure S3 of the
Supporting Information). When pressure is applied, VG may
provide stress concentration effects in the nanoscale level, and
the pyramidal structure is beneficial to provide the stress
concentration in the microscale level. By attachment of two
electrodes, the flexible pressure sensor based on the pyramidal
VG film is obtained, as shown in Figure 1e.
To investigate the dynamic piezoresistive response to the

pressure, the PV-based sensor is connected to a digital LCR
meter and loaded onto a tensile pressure testing machine, as
shown in Figure S4 of the Supporting Information. The
sensing performance is illustrated in Figure 2. The PV-based
sensors with different sizes and intervals of the pyramid array
were tested, while flat VG/PDMS without a pyramid array was
also tested as a control. As shown in Figure 2a and Figures S5−
S12 of the Supporting Information, the relative resistance
changes (ΔR/R0) of the PV-based sensors under a series of
pressures are depicted, from which the sensitivities of the PV-
based sensors with different pyramid structures are calculated.

Figure 2. (a) Relative resistance changes of the flat VG- and PV-based sensors at the pressure of 10−100 kPa, (b) resistance response of the PV-
based sensors with different sizes and intervals of micropyramid arrays under the pressure of 100 kPa, and (c) finite element analysis of the pressure
distribution on the flat VG-based sensor, PV50-50, and PV5-5.
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The flat VG sensor shows the lowest sensitivity of 0.0025
kPa−1, demonstrating that the pyramid structures obviously
enhance the sensitivity of the PV-based sensors. In addition,
the sensitivity is closely related to the profiles of the pyramid
arrays. When the size of the pyramid is fixed, the sensitivities
are increasing with the decrease of the intervals between
pyramids. Furthermore, the sensitivities are increasing with the
decreased size of the pyramids under a fixed pyramid interval.
Therefore, higher sensitivity can be achieved with a larger
interval and a smaller size of pyramids. Hence, the PV5-5-
based sensor achieves the highest sensitivity of 2.24 kPa−1 with
a large response limit of up to 100 kPa. As a result, the
micropyramid VG array can prominently improve the sensing
performances of the VG-based sensors in the microscale level.
The response time of the PV-based sensors was tested under

the pressure of 100 kPa. As depicted in Figure 2b, the pyramid
structure obviously improves the piezoresistive response of the
sensors. PV5-5 with the micropyramids and intervals provides
the largest ΔR/R0 (263.7), which is 136.6 times higher than
that of the flat VG-based sensor and 24.5 times higher than
that of PV50-50. In comparison to the PV-based sensors, the
flat VG-based sensor shows the longest response time of 3.660
s; meanwhile, a recovering time of 2 s is also observed. Fast
recovery is obtained by the PV-based sensors when releasing
the pressure. The response time shortens with the decrease of
the size and intervals of the pyramids. As a result, the PV5-5
sensor exhibits the shortest response time of 1.436 s under the
pressure of 100 kPa, which is 2.5 times faster than the flat VG-
based sensor, greatly improving the sensing performance at a
high pressure. It is demonstrated that the PV-based sensors
possess high sensitivity and fast response in a broad range, and
the sensing properties are improved with the decrease of size
and intervals of the pyramids.

A distinguishable improvement has been achieved by
constructing the pyramidal structure in the microscale level.
To clarify the advantages of the pyramidal microstructure,
finite element analysis is employed to simulate the deformation
of micropyramid structures under pressure, as shown in Figure
2c. Undoubtedly, the flat structure uniformly distributes the
pressure, and no stress concentration is observed. On the
contrary, for the PV-based sensor, the tips of pyramids will first
be compressed when pressing, leading to a concentrated stress
that greatly deforms VG on the tips in the microscale level. As
a result, the resistance of the micropyramid-based sensors
increases significantly. Furthermore, with the decrease of the
size of pyramids from 50 to 5 μm, the stress concentration
effect is further enhanced in the microscale level. In addition, a
short interval will augment the number of pyramids per unit
area and increase the density of stress concentration points,
thus further improving the sensitivity of the sensor. Hence, the
PV-based sensor with a smaller pyramid and shorter interval
will possess better sensing performances, which is perfectly in
accordance with the experimental results.
In the microscale level, as demonstrated above, the

micropyramid arrays offer a distinguishable stress concen-
tration effect. To further optimize the sensing performance, a
3D-printed frame in the macroscale is designed as a holder on
both sides of the PV-based sensor to provide more stress
concentration sites and increase the deformation effect, as
shown in Figure 3a. In this strategy, we designed a lumpily
pyramidal VG film-based pressure sensor (LPV sensor), in
which the VG/PDMS film crimps along the grids under
pressure. All of the PV films for the subsequent character-
izations are PV5-5. As a result, as shown in panels b and c of
Figure 3, the direction of the vertically downward force along
the grids is changed, resulting in a horizontal component that

Figure 3. (a) Schematic illustration and a digital photograph of a lumpily pyramidal VG film-based pressure sensor (LPV sensor), (b) comparison
in resistance change of LPV-4, LPV-5, LPV-6, and PV5-5, (c) corresponding finite element analysis of the stress concentration of LPV-4, LPV-5,
and LPV-6, (d) simulation results of whole-unit stress and strain results of the LPV sensors, (e) simulation results of single-unit stress and
simulation results of the LPV sensors, and (f) simulation of the pressure distribution of VG and 2D graphene.
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causes tensile force along the sensor (Figure 3c), thereby
enhancing the resistance variation in the macroscale (Figure
3b). The grids are carefully designed with intervals of 4, 5, and
6 mm, respectively. The simulation results show that the stress
and strain on each grid are increasing with the increase of grid
intervals (Figure 3c). In addition, the total length of the grid
holder should match the LPV sensor. In terms of this study,
the LPV sensor can match 5 units of the grid with intervals of 4
mm, 4 units of the grid with intervals of 5 mm, or 3 units of the
grid with intervals of 6 mm. According to the results of the
simulation, LPV-5 has the highest total stress and strain of
598.90 kPa and 9.71% (Figure 3d), respectively. The
experimental results also confirm that a tremendous boost to
the sensitivity of the LPV sensor is obtained with the help of
grids, as shown in Figure 3b. Meanwhile, LPV-5 shows the
highest sensitivity of 131.36 kPa−1, which is 58.6 times higher
than that of the PV-based sensor (without grid), 3.1 times
higher than that of LPV-4, and 2.6 times higher than that of
LPV-6, as shown in Figure 3e. Moreover, the sensor based on
lumpy flat VG with a grid interval of 5 mm (LFV-5) is
fabricated to investigate the effect of the structure design in
micro- and macroscales (Figure S13 of the Supporting
Information). By the macroscale structure design, the
sensitivity of LFV-5 improved ∼25 times over that of flat
VG, while it is still far away from the application requirement.
As shown in Table S2 of the Supporting Information, the
sensitivity enhancement by the macroscale lumpy structure
(LFV-5, 25 times) is much less than that by the microscale
pyramid structure (PV5-5, 896 times). These results
demonstrate that the greatest advance of the VG-based sensor
can be achieved by the combination of the microscale pyramid

structure and macroscale lumpy structure (LPV-5, 52 544
times).
In addition, as illustrated in Figures S14 and S15 of the

Supporting Information, the LPV-5 sensor exhibits a superior
response to LPV-4 and LPV-6, at the low-pressure range of
0.1−10 kPa. The sensor has a remarkable sensitivity over the
entire pressure range below 100 kPa, especially in the range of
10−100 kPa (Figure S14 of the Supporting Information). It is
worth noting that LPV-5 can detect the lowest limit of 100 Pa.
Consequently, through the effect of VG on the nanoscale level,
micropyramid arrays on the microscale level and lumpy
structures on the macroscale level, the synergistic effects of
the stress concentration strategies are developed, achieving an
excellent sensitivity in a broad pressure range of 0.1−100 kPa.
To investigate the sensing mechanism of VG, the FEA was

implemented to reveal the sensing priority of 3D VG over 2D
graphene. Figure 3f shows the FEA simulation of the pressure
distribution of VG and 2D graphene under the same applied
pressure. VG is composed of vertically aligned VG flakes and a
planar carbon buffer layer (panels c and f of Figure 1).41,42 The
vertically aligned graphene nanoflakes embed in PDMS and
grasp PDMS like tree roots, and thus, the heterotypic structure
causes the heterogeneous pressure distribution. The pressure
mainly concentrates on the valley of VG, that is, the buffer
layer of VG, which directly determines the resistance of VG.
However, the pressure distributed on 2D graphene gradually
varies from the pyramid tip to bottom, and the average
pressure is 2.76 times lower than that on VG. Experimental
characterization results of the 2D graphene-based sensors in
Figure S16 of the Supporting Information confirm that the
VG-based sensors possess superior resistance response to the

Figure 4. (a) Response and recovery time of LPV-5, (b) durability of LPV-5 under a loading pressure of 30 kPa, (c) resistance response of LPV-5
under various pressures of 10, 30, 50, 70, and 90 kPa, and (d) comparison of the response range and sensitivity of LPV-5 with reported pressure
sensors.
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pressure, demonstrating the important role of the nanoscale
structure design.
According to the above experimental and theoretical results,

the sensing mechanism of the LPV sensors is summarized.
Basically, the piezoresistive sensor is based on the principle of
resistance variation of the conductive layer caused by the
material deformation under the external force (pressure). In
LPV, a scrupulous structure design is implemented on the
conductive graphene layer in nano-, micro-, and macroscales
(Figure 3a). In the nanoscale, VG with vertically orientated
nanostructures provides the stress concentration on the valley
of VG nanoflakes, enhancing the resistance variation under the
external pressure (Figure 3f and Figure S16 of the Supporting
Information). In the microscale, the pyramid arrays greatly
strengthen the stress concentration on the pyramid tips,
amplifying the resistance variation of VG (Figure 2c). In the
macroscale, the grid holders are used to construct a lumpy
structure of VG/PDMS, contributing to the deformation of
VG on the crest and trough regions (Figure 3c) and further
enhancing the resistance variation. As a result, the preeminent
sensing performances of the LPV sensors are attributed to a
synergistic effect of the nano-, micro-, and macrostructure
designs of VG.
Response time characterization is conducted on LPV-5

under the pressure of 100 kPa. As shown in Figure 4a, the grid
helps shorten the response time, while the sensor with the grid
holders requires a longer recovering time compared to the
sensor without a grid. The total response time is almost the
same. In addition, the repeatability of a sensor is important for
practical applications. The repeatability test was performed on
LPV-5 under a loading pressure of 30 kPa. As depicted in the
insets of Figure 4b, a distinct increase of ΔR/R0 is observed,
showing a sharp rectangular signal. Impressively, LPV-5
exhibits a stable response to the pressure. The response of
LPV-5 in the initial cycles is almost the same as the last cycles,
indicating the excellent durability of the LPV sensor.
Furthermore, we also tested the real-time response of the

sensor with cyclic loading under pressures of 10, 30, 50, 70,
and 90 kPa for 3 cycles per pressure (Figure 4c). The results
show that LPV-5 presents stable responses with excellent
repeatability. Figure 4d shows a high sensitivity response over a
wide response range compared to reported pressure sensors,
demonstrating the supereminent sensing properties of our
LPV-5 sensor.43−60

The practical application is important to characterize the
performance of the sensor. Herein, a printed circuit board
(PCB) is designed for LPV-5 to transform resistance signals to
pressure, which is displayed on the small screen (Figure 5a).
The circuit diagram and working principle are shown in Figure
S17 of the Supporting Information. As shown in Figure 5b,
LPV-5 is attached to a table to detect the impacts of falling
objects (Movies S1−S3 of the Supporting Information). A
tennis ball, a toy soccer ball, and a badminton shuttlecock are
dropped from the same height. Owing to the different weights
and shapes, the falling tennis ball causes an impact pressure of
7.06 kPa, while the relatively light toy soccer ball and
badminton shuttlecock cause weaker impacts of 4.51 and
4.09 kPa, respectively. Then, the robotic arm holds the toy
soccer ball and the hard tennis ball to press LPV-5 in the same
position (Movies S4 and S5 of the Supporting Information).
Because the toy soccer ball is made from rubber, it will deform
during the test, thereby abasing the pressure loading on LPV-5.
Therefore, pushing with a soft toy soccer ball causes a lower
pressure of 15.71 kPa than that of 25.29 kPa with a hard tennis
ball (Figure 5c).
In terms of biomimetic machines, the pressure sensor is

particularly important to monitor the surroundings and
provide feedback during operation. Therefore, LPV-5 is
attached to the center of the palm of a robotic hand to detect
the pressure applied to it (Figure 5d). When the fingers are
bent, the ring and middle fingers will exert pressures of 11.40
and 14.28 kPa, respectively. A pressure of 26.54 kPa is
obtained when two fingers push LPV-5 together. When
grabbing, the pressure that is put on the target object can be

Figure 5. (a) Photograph of the pressure sensing system to detect the pressure on the palm of the robotic hand using LPV-5, (b) sensing system to
detect the pressure when different objects fall onto LPV-5, (c) pressure sensing with a robotic arm catching a soft soccer ball and a hard tennis ball
to press on LPV-5, (d) Attachment of LPV-5 on a robotic hand using different fingers to press the sensor, and (e) pressure sensing for a robotic
hand grasping a soft soccer ball.
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reflected from LPV-5. As shown in Figure 5e, the robotic hand
grasps a toy soccer ball and exerts a pressure of 8.54 kPa.
Hence, the LPV sensor shows great promise in the grasp force
feedback of the robots for adapting the grasping behavior
under various application scenarios.

4. CONCLUSION
In summary, a lumpily pyramidal vertical graphene film-based
pressure sensor with both a high sensitivity and broad sensing
range was designed and fabricated. In comparison to the
typical flat VG film sensor, the micropyramid arrays and lumpy
structure of the sensor strongly enhance the stress concen-
tration effect in micro- and macroscales, respectively. By virtue
of the nanoscale stress concentration effect of VG, the stress
concentration effects are devoted to the LPV sensor in nano-,
micro-, and macroscales. Therefore, LPV-5 exhibits a
remarkable sensitivity of 131.36 kPa−1 and a wide detection
range of 0.1−100 kPa, achieving a high sensitivity over a wide
sensing range. Finally, the facile fabrication, high sensitivity,
and wide sensing range of the LPV sensor make it a promising
candidate in the fields of object recognition and human−
machine interfaces.
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