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of sensing mechanisms, including piezore-
sistivity,[11–14] piezoelectricity,[15–17] capaci-
tance,[18–20] and triboelectricity.[3,21,22] In 
particular, piezoresistive pressure sensors 
have been widely adopted because of their 
simple device structure and easy signal 
processing.[23] A typical design of a flexible 
piezoresistive pressure sensor consists of 
two opposing elastomers coated with con-
ductive electrodes. Under the stimuli of an 
applied pressure, the two elastomers come 
into contact to form conduction paths, 
transducing the applied pressure into a 
change in current. The flexible piezoresis-
tive pressure sensors with both high sen-
sitivity and wide linearity range are highly 
desirable for monitoring human physiolog-
ical signals and body motions. For example, 
intracranial pressure and intraocular pres-
sure in human are normally around 1 
and 2 kPa, respectively.[24,25] On the other 
hand, a typical systolic pressure in human 
is between 13 and 26 kPa.[26] Besides, the 
pressure of human finger press and object 
manipulation is above 10 kPa.[27–30]

The performance of a flexible piezore-
sistive pressure sensor depends on the deformation behavior of 
both conducting electrodes and elastomers. Recently, nanoma-
terials such as graphene,[31] carbon nanotubes (CNTs),[32] and 
metal nanowires[33] have been intensively investigated as active 
electrode materials because of their mechanical flexibility. Fur-
thermore, elastomers, such as polydimethylsiloxane (PDMS), 
have been engineered with a variety of surface microstructures, 
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1. Introduction

The flexible pressure sensors that can be integrated with curved 
surfaces are attracting significant attention due to their prom-
ising applications in wearable health monitoring systems[1–4] and 
human-machine interfaces.[5–10] Rapid progress has been made 
in the development of flexible pressure sensors based on a variety 
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including micropyramids,[34] microdomes,[35] hollow-spheres,[36] 
and bionic microstructures[32,37–39] to increase their compress-
ibility. In low pressure regime, these microstructures can con-
centrate loads effectively, leading to a quick increase in contact 
area with loads and therefore greatly improved sensitivity. How-
ever, with increased pressure, the incremental deformation and 
build-up of stress in pre-existing contact area leads to a decrease 
in sensitivity and consequently deviation from linearity. To date, 
few reported piezoresistive pressure sensors could sustain good 
linearity up to 3 kPa (Table S1, supporting information).

To extend the linearity range, flexible piezoresistive pressure 
sensors with complex surface structures have been designed 
and successfully demonstrated. For example, Bae et al. reported 
a highly sensitive piezoresistive pressure sensor with a wide 
linearity range from 0 to 12 kPa, by using a chemical vapour 
deposited-graphene/PDMS microdome array with wrinkled 
surface.[40] Shu et al. fabricated a flexible pressure sensor by 
using a piezoresistive nanocomposite with a Gaussian random 
distribution surface profile, increasing the upper limit of lin-
earity to 14 kPa.[41] Despite the promise of these complex struc-
tures, there still lacks a facile and low-cost method to fabricate 
flexible piezoresistive pressure sensors with extended linearity.

Here, a hierarchical structure was fabricated by replicating 
the surface of lotus leaf onto PDMS substrates. Lotus leaf has 
a multiscale hierarchical surface, which endows the PDMS sur-
face with both micro and nanoscale patterns. Sprayed graphene 
films were used as active electrodes. The as-prepared pressure 
sensor exhibits a wide linearity range from 0 to 25 kPa, with 
a sensitivity of 1.2 kPa−1, a detection limit of 5 Pa, and great 
stability (>1000 cycles). FEA simulation shows that the hierar-
chical structure leads to a quick and steady increase in contact 
area with loads. The flexible piezoresistive pressure sensor has 
been demonstrated for the detection of wrist pulse, acoustic 
waves, and finger pressing. Moreover, a proof-of-concept pres-
sure sensor array has been further demonstrated for the 
mapping of spatial pressure distribution.

2. Results and Discussions

As shown in the scanning electron microscopy (SEM) image in 
Figure 1a, the surface of a lotus leaf consists of randomly dis-
tributed microscale papillae decorated with nanoscale tomenta 
(Figure 1a; Figure S1a, Supporting Information).[42] A two-step 
molding process was used to transfer the surface structure of 
the lotus leaf to a PDMS positive replicate (Figure 1b).[37] First, a 
mixture of epoxy resin and curing agent was applied on the sur-
face of the lotus leaf to create a negative mold (Figure S2, Sup-
porting Information). After complete hardening of the epoxy 
resin, the lotus leaf and the negative epoxy mold were sepa-
rated. Second, PDMS precursor and cross-linker were poured 
onto the epoxy mold and transferred to a vacuum chamber to 
facilitate PDMS infiltration. After curing, the positive PDMS 
replicate was peeled off from the negative mold. To obtain the 
active electrode, graphene ink, consisting of few-layer graphene 
flakes (Figures S3 and S4, Supporting Information), was spray-
coated onto the patterned PDMS surface to form a continuous 
film. The thickness of the graphene electrode can be easily 
controlled by adjusting the concentration of the graphene ink 
and the coating time. As shown in Figure 1c, the papilla struc-
ture of the lotus leaf has been successfully transferred to the 
graphene/PDMS film. Figure 1d and Figure S5 (Supporting 
Information) show the enlarged SEM images of a single papilla 
with nanoscale roughness on the graphene/PDMS film. It can 
be seen that the stacked graphene flakes have completely cov-
ered the surface of PDMS. 3D confocal imaging shows that the 
height of the papillae on the graphene/PDMS film ranges from 
7 to 18 µm and the average spacing between each papillae is 
≈20 µm (Figure 1e; Figure S6, Supporting Information).

To construct a piezoresistive pressure-sensor device, two pat-
terned graphene/PDMS films are stacked together face-to-face 
(Figure 1b). The current between the two electrodes was meas-
ured by applying a constant voltage of 0.2 V. In the absence of 
external pressure, the initial contact between the two graphene 
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Figure 1. Flexible piezoresistive pressure sensor with a hierarchical structure. a) SEM image of a lotus leaf. Scale bar: 40 µm. b) Schematic illustration 
of the fabrication process of a pressure-sensor device. c) SEM image of a patterned graphene/PDMS. Scale bar: 50 µm. Inset: Photograph of the 
patterned graphene/PDMS. Scale bar: 5 mm. d) SEM image of a single papilla on the graphene/PDMS surface. Scale bar: 5 µm. e) 3D confocal image 
of the graphene/PDMS.
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electrodes is formed mainly at the tips of the papillae. The small 
contact area results in a large initial resistance, R0, and a small 
initial current, I0. By applying an external pressure, the gra-
phene/PDMS films are compressed against each other, leading 
to an increase in contact area and, accordingly, an increase in 
device current. The sensitivity, S, of the device is defined as 
S = (ΔI/I0)/P, where ΔI is the change in device current and P 
is the applied pressure. Figure 2a–c shows the response of a 
pressure-sensor device, with an initial resistance of 480 kΩ, as 
a function of applied pressure ranging from 0.2 to 25 kPa. The 
device exhibited a high sensitivity of 1.2 kPa−1 and excellent lin-
earity with a correlation coefficient of 0.998 (Figure 2c). Notably, 
the linearity range of the device was kept up to 25 kPa, which 
is a significant improvement compared with former studies 
(Table S1, Supporting Information). We further evaluated the 
stability of the pressure-sensor device by loading/unloading 
pressures of 1, 5, and 10 kPa for over 1000 cycles. As shown 
in Figure 2d,e, the device demonstrated an outstanding cyclic 
stability. The limit of detection (LOD) of the pressure-sensor 
device was also analyzed by loading small weights.[30,32,40,43] 
As shown in Figure S7 (Supporting Information), the device 
responded quickly to a pressure as low as 5 Pa, which makes it 
suitable for the sensitive detection of very low pressures.

By increasing the thickness of the graphene electrodes, 
pressure-sensor devices with different initial resistances were 
further constructed and characterized for pressure detection. 
As shown in Figure 2f, the sensitivity of the pressure-sensor 
devices decreases with the reduced initial resistance. The 
sensitivity was measured to be 0.42, 0.21, and 0.14 kPa−1 for 
devices with initial resistance of 110, 50, and 18 kΩ, respec-
tively. The decreased sensitivity of the devices can be explained 
by the reduced surface roughness from thick graphene coating 
(Figure S8, supporting information). First, the reduced sur-
face roughness leads to increased contact area between elec-
trodes in the absence of applied pressure, which results in an 
increased initial current. Second, the compressibility of the 

pressure-sensor devices decreased with reduced surface rough-
ness. We further fabricated a planar pressure-sensor device by 
spray-coating graphene flakes on the flat PDMS surface. Other 
parameters of the planar device were kept the same with those 
of the patterned graphene/PDMS device with an initial resist-
ance of 480 kΩ. The planar device exhibited a sensitivity of 
0.2 kPa−1, which is six times lower than that of the patterned 
graphene/PDMS device (Figure S9, Supporting Information). 
These results confirm that the hierarchical surface structure 
plays an important role for the improved performance of the 
pressure-sensor devices.

To elucidate the effects of the surface structure on device 
performances, FEA was implemented to simulate the defor-
mation process of the devices with different structures under 
applied pressure. A 3D FEA model was designed as follows: 
three hemispheres are built with neo-Hookean elasticity and 
external pressure is applied to push the top hemisphere down-
ward to make contacts with the two bottom hemispheres 
and the bottom plate (Figure 3a). The structural hierarchy 
is included by adding nanodomes onto the hemispheres[44] 
(Figure 3b; Figure S10, Supporting Information). The hemi-
spherical shape has been chosen for ease of analysis, but its 
characteristics are representative of three-dimensional sur-
face asperities.[45,46] The distribution of contact pressure in the 
smooth and hierarchical structures upon loading is summa-
rized in Figure 3c,d, by which the mapping of contact areas is 
also obtained (contact is built at places where the pressure >0). 
For the structure consisting of smooth hemispheres, the top 
hemisphere forms single-node contacts with the two bottom 
hemispheres and also the bottom plate (Figure 3c). Upon 
increasing the loads, the change of the contact area is mainly 
contributed by the compressive deformation of the hemisphere 
at the single-node contact regions. The contact pressure in the 
smooth structure is not uniformly distributed over the contact 
regions. The incremental deformation of the single-node con-
tact regions results in the build-up of pressure in pre-existing 
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Figure 2. Pressure sensing performance of the patterned graphene/PDMS pressure-sensor devices. a,b) Real-time current response of a pressure-
sensor device with an initial resistance of 480 kΩ. c) Sensitivity of the device from 0.2 to 25 kPa. Inset: Schematic of contact between two hierarchical 
graphene/PDMS films. d) Stability test (1000 cycles) under pressure of 1, 5, and 10 kPa. e) Magnified view of the dashed box in panel (d). f) Sensitivity 
of devices with different initial resistances.
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contact area, which leads to a deceleration in the increase of 
the contact area with loads (Figure S11, Supporting Informa-
tion). As a result, the sensitivity decreases with increased pres-
sure, leading to a deviation from linearity. For the hierarchical 
structure, the top hemisphere forms multinode contacts with 
the two bottom hemispheres and the bottom plate. As shown 
in Figure 3d, the number of the contact nodes increases quickly 
with loads because of the protruding nanodomes, leading to a 
quick increase in the contact area. In addition, the contact pres-
sure in the hierarchical structure is more evenly distributed 
over the contact regions than that of the smooth structure. As 
a result, the contact area of the hierarchical structure increases 
more steadily than that of the smooth structure upon loading 
(Figure S11, Supporting Information). Since the change in cur-
rent is proportional to the change in contact area,[40,41] pressure-
sensor devices with hierarchical surface structures exhibit both 
high sensitivity and wide linearity range.

Our flexible pressure-sensor devices are wearable and can be 
applied for real-time health monitoring. Wrist pulse can pro-
vide useful and important information about the human health 
condition.[47,48] For example, cardiovascular diseases have been 
shown to be closely related with the shape of the wrist pulse 
waveform.[20,49] As shown in Figure 4a, a flexible pressure-
sensor device was attached onto the radial artery of an adult 
human wrist to detect the pulse signals. Figure 4b presents the 
real-time recording of the pulse signals by the device. The cor-
responding heart rates were determined to be ≈78 beats min−1. 
The pulse signals were also collected after exercise, where a 
heart rate of ≈93 was obtained (Figure S12, Supporting Infor-
mation). Figure 4c illustrates a typical pulse waveform in which 
three peaks, including percussion wave (P1), tidal wave (P2), 
and diastolic wave (P3), can be clearly identified. We note 
that further improvement in resolution is needed for accurate 
biomedical diagnostics.

The flexible pressure-sensor devices can also be used for 
voice recognition. As shown in Figure 4d, a pressure-sensor 
device was attached onto a loud speaker.[50,51] The words/
phrases “NCNST,” “Graphene,” “Pressure sensor,” and “Lotus 
leaf” were played in sequence. The device was able to discrimi-
nate the vibration patterns from different words/phrases. More-
over, Figure 4e shows the reliable response of the device when 
the same phrase “Pressure sensor” was repeated five times. In 
addition to small pressures, the flexible pressure-sensor device 
can also be applied to detect finger pressing. As shown in 
Figure S13 (Supporting Information), a flexible pressure-sensor 
device was connected in series with a light emitting diode 
(LED).[52] The brightness of the LED was controlled by the pres-
sure loaded on the device. As a result, it allowed vision-based 
detection of increased finger pressing (Movie S1, Supporting 
Information).

For many practical purposes, it is required to integrate 
the pressure-sensor devices into a pixel array for spatially 
resolved pressure measurements.[11,53–56] Figure 5a shows a 
flexible pressure sensor array of 3 × 3 pixels. Each pixel has 
an area of 3 mm × 3 mm, and the center-to-center distance 
between adjacent pixels is 4.5 mm. To evaluate the perfor-
mance of the pressure sensor array, metal blocks with dif-
ferent shapes were placed on it. The pixels under the metal 
blocks were compressed, leading to localized current signals. 
As shown in Figure 5b,c, the pressure distribution patterns 
corresponding to different metal blocks were obtained by 
the pressure sensor array. In addition, the pressure sensor 
array could also be applied for continuous pressure mapping. 
Figure 5d shows the time-series response of the pressure 
sensor array when the number “7” was written on it with a 
glass rod. These results highlight the promising applications  
of the flexible piezoresistive pressure sensor in human-
machine interfaces.

Small 2018, 14, 1800819

Figure 3. FEA modeling of the deformation process for smooth and hierarchical structures. a,b) Schematic illustrations for the contact of the smooth 
and hierarchical structure, respectively. c,d) Contact pressure distribution of the smooth and hierarchical structure, respectively, with increased applied 
pressure.
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3. Conclusion

In summary, we have developed a facile and scalable method to 
fabricate a flexible piezoresistive pressure sensor with a hierar-
chical surface structure. The flexible pressure sensor exhibits 
a high sensitivity of 1.2 kPa−1 and a wide linearity range from 
0 to 25 kPa, with excellent stability. As a result, the pressure 
sensor has been applied for sensitive measurements of wrist 
pulse, acoustic vibration, and finger press. A proof-of-concept 
pressure sensor array was further demonstrated for mapping 

of both static and dynamic pressure distribution. The ease of 
fabrication, high sensitivity, and wide linearity of the flexible 
piezoresistive pressure sensor make it a promising candidate in 
health monitoring and human-machine interfaces.

4. Experimental Section
Preparation of Flexible Piezoresistive Pressure Sensor: Epoxy base and 

curing agent were mixed (3:1 by weight) with a mechanical stirring 
process. After degassing, the mixture was poured onto a piece of lotus 

Small 2018, 14, 1800819

Figure 4. Flexible pressure sensor for monitoring wrist pulse and acoustic vibration. a) Photograph of a pressure-sensor device attached on the 
wrist. b) Real-time recording of wrist pulses. c) Magnified view of a single pulse. d) Response of a pressure-sensor device to acoustic vibration. Inset: 
Photograph of the pressure-sensor device attached onto a loud speaker. e) Response to repeated phrase “pressure sensor.”

Figure 5. Flexible piezoresistive pressure sensor array for static and dynamic pressure mapping. a) Photograph of a flexible pressure sensor array. Scale 
bar: 5 mm. b) Response of the pressure sensor array to a square (top) and a round (bottom) metal block. c) Time-series response of the pressure 
sensor array as the number “7” was written on it.
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leaf (collected in the Campus Lake of Beihang University) and cured 
at room temperature. After peeling off the lotus leaf, a negative epoxy 
mold was obtained. PDMS precursor (base: curing agent = 10:1 by 
weight, degassed) was then poured onto the negative epoxy mold. After 
vacuuming and curing at 60 °C for 2 h, the positive PDMS replicate was 
peeled off from the epoxy mold. A flexible electrode was prepared by 
spray coating graphene ink (Nanjing XFNano Materials Tech Co. Ltd, 
101455) onto the patterned PDMS. The thickness of the graphene film 
was controlled by adjusting the spray time and the concentration of 
the graphene ink. A pressure sensor was fabricated by assembling two 
as-prepared flexible graphene/PDMS films face-to-face.

Preparation of Flexible Piezoresistive Pressure Sensor Array: The 3 × 
3 piezoresistive pressure sensor array was prepared by assembling two 
PDMS elastomers with specially designed electrodes and graphene 
pads (Figure S14, Supporting Information). For each PDMS elastomer, 
the electrodes were fabricated by evaporating a gold layer of 100 nm in 
thickness under a shadow mask, and the graphene pads were prepared 
by spray-coating graphene ink with a shadow mask.

Structure Characterizations: Surface characterizations were conducted 
by a SEM (Nova 430). The distribution of surface heights was obtained 
by a confocal microscopy (Olympus, LEXT OLS4100). Raman spectrum 
of the graphene sheet was obtained by a Raman spectrometer (Renishaw 
inVia plus at 514.5 nm laser). Atomic force microscopy (AFM) analysis 
was conducted by a scanning probe microscopy (Veeco, Dimension 
3100).

Testing of Pressure Sensing Performance: Pressure was applied by a 
dynamic mechanical analyzer (DMA, TA Q800). Current was recorded 
by a Keithley 4200-SCS semiconductor parameter analyzer. The low 
detection limit was analyzed by placing a small mass (100 mg) onto a 
pressure-sensor device (2 cm−2 in area).

FEA Simulation: FEA was implemented by using commercial package 
ABAQUS/Explicit 6.13. The hemispheres have a radius of R = 50, and 
center-to-center distance between the two lower hemispheres is d = 3R. 
In the hierarchical structure, 57 small spherical domes (r = 5.5) were 
added on the surface of each hemisphere (Figure S9, Supporting 
Information). Neo-Hookean material property with bulk/shear modulus 
ratio K/G = 100 was assigned to hemispheres and spherical domes. 
Frictionless contact interactions are assumed. The contact area was 
normalized by A = πR2 and the applied force was normalized by G × A.

Participants: Informed consent was obtained from Jidong Shi who 
volunteered to perform these studies. All testing reported conformed 
to the ethical requirements of the National Center for Nanoscience and 
Technology.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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