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Abstract—Flexible pressure sensors are crucial for
E-skins to enable tactile sensing capabilities. However,
flexible pressure sensors often exhibit high hysteretic
response caused by internal and external mechanical
dissipations in flexible materials. The hysteresis gives rise
to reliability issues, especially in the presence of dynamic
stress. In this letter, we report a flexible capacitive pressure
sensor design with hierarchically microstructured elec-
trodes to obtain both high sensitivity and low hysteresis.
The sparsely spaced large pyramid microstructure improves
the sensitivity, whereas the small pyramid reduces the
hysteresis caused by interfacial adhesion. The optimized
sensor shows excellent performances in terms of high
sensitivity (~3.73 kPa~1), ultralow detection limits (0.1 Pa),
significantly reduced hysteresis (~4.42%), and enhanced
sensing capability for pluses, which demonstrates its
potential for advanced electronic skins.

Index Terms—Pressure sensor, flexible, hysteresis,
sensitivity.

|. INTRODUCTION

LECTRONIC skins show great potentia for

artificial intelligence applications, including wearable
healthcare device, intelligent robots, and biomimetic
prosthetics [1]-{12]. Pressure sensing is one of the most
important functions of electronic skin [3]. In recent years,
researchers sought methods to develop flexible pressure
sensors with sensitivity that surpasses human skin, and most
of them have tried to decrease the apparent Young's modulus
by using soft materials and microstructures [10]-{15]. With a
lower apparent Young's modulus, these flexible materials have
alarger deformation, and hence, a higher sensitivity; however,
the tradeoff is a high hysteresis resulted from internal
and interfacial energy dissipation. For example, pressure
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sensors with following materials show obvious hysteresis: Au
nanowires coated tissue paper show a sensitivity of 1.14 kPa~1
and hysteresis of ~38% [16], polypyrrole with a hollow-
sphere microstructures show a sensitivity of 133.1 kPa !
and hysteresis of ~35% [17], a dielectric layer composed of
micropyramidal rubber shows a sensitivity of 0.55 kPa~1 and
hysteresis of ~11.5% [18], carbon-based cellular elastomers
show a sensitivity of 10 kPa—! and hysteresis of ~45% [19].
The hysteresis of pressure dependent electric properties leads
to a large difference in the reading outputs between loading
and unloading for the same pressure, especially in a dynamic
loading-unloading process [8], [20]-{23].

In this letter, we report the design of flexible capacitive
pressure sensors with both high sensitivity and low hysteresis
by adopting a hierarchical pyramid microstructure design
for the electrode. Inserting small pyramid arrays into large
pyramid lattices reduces the hysteresis caused by interfacial
adhesion, and decreasing the area density of large pyramids
is favorable for better sensitivity. As a result, the sensor
exhibited high sensitivity (3.73 kPa™1), an ultralow detection
limit (0.1 Pa), and a low hysteresis (~4.42%), which alows
precise measurement of wrist pulse. The results demonstrate
the importance of reduced hysteresis of flexible pressure
sensors for the application of electronic skins.

Il. EXPERIMENTAL DETAILS
A. Microstructure Design and Fabrication

The microstructured polydimethylsiloxane (PDMS) films
were replicated from molds of <100> Si wafer with 300 nm
thermally grown oxide, which were patterned into inverted
pyramid structure by using photolithography and anisotrop-
icaly wet etching [24]. Octadecyltriclorosilane (OTS) was
vapor-deposited on the Si mold as a release agent. Then liquid
PDMS (10:1, Sylgard 184) was cast onto the molds and cured
at 70°C for 2 h. The sensors adopt a double-layered structure
(Fig. 1). The top layer is a 6-um-thick biaxially oriented
polypropylene (BOPP) film (from FSPG Hi-tech Co., LTD.,
sputtered with Pt on the top side), serving as the dielectric
layer, and the bottom layer is a pyramid-microstructured
PDMS film with a sputtered Pt layer (20 ~ 30 nm). We tested
different electrode materials, including Pt, Au, and Al.
We finally adopted Pt because Pt shows the best adhesion to
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Fig. 1. Schematic illustration of the hierarchically structured pressure
sensor, and an optical image of the sensor is shown in the inset.

the PDMS substrate; however, other metals are also viable
options based on our device design.

B. Characterizations and Pressure Sensing Test

The pressure sensors were characterized by an integrated
system that consisted of a z-stage (Newmark), force gauge
(Mark 10), and LCR meter (Agilent E4980). The pulse was
tested with a sensor fixed on the arteries of the wrist, which
was recorded using an impedance analyzer (Hioki IM3570).

Ill. RESULTS AND DISCUSSION

For devices with single-sized pyramid microstructures, their
sengitivity obviously trades off against hysteresis. Fig. 2(a)
shows the scanning electron microscope (SEM) images of
the pyramid microstructures corresponding to sensors with
Microstructure 1 to Microstructure 8 (abbreviated as sensors
M1 to M8), respectively. Note here ‘spacing’ is referred to as
the distance between the tips of two neighboring pyramids.
Fig. 2(c) plots the piezocapacitance of the sensors with pyra-
mids of the same size but with different spacing in the range of
0 ~ 100 kPa. Both the sensitivity and hysteresis considerably
increase as the pyramid spacing increases (lower density of
pyramids in the same areq). For example, sensor M1 (spacing
of 210 um) has a higher sensitivity of ~3.56 kPa~! but a
larger hysteresis of 18.2%; sensor M4 (spacing of 35 um)
has a lower sensitivity and lower hysteresis of ~0.510 kPa 1
and 6.44%, respectively. With a lower density of pyramids,
the microstructure has a lower apparent Young's modulus,
resulting in a larger piezocapacitance and higher sensitivity.
However, this also resulted in a higher hysteresis, which is
most likely caused by interfacial adhesion, as schematically
illustrated in Fig. 2(b). The interfacial adhesion due to the van
der Waals force between the pyramid-microstructured PDMS
and the BOPP film can be expressed as:

G = kP2L?,

where G is the adhesive strength, P is the applied pressure, L
is the spacing between adjacent pyramids, and k is a parameter
related to the nature of the interface [22], [23], [25], [26]. This
means that the interfacial hysteresis considerably increases
when the spacing (L) increases, which causes great uncertainty
in the measurement of pressure. Another possible source of
hysteresis, the viscoelastic hysteresis of PDMS, is small and
can be ignored as calculated by the Bergstrom-Boyce model
in Abaqus [6], [7].

Fig. 2. Pressure sensors with hierarchical pyramids microstructures.
(a) SEM images of the 8 differently designed pyramids microstructures
for bottom electrodes of the pressure sensor, the inserted text denotes
spacing and size of them. (b) Schematic illustration how hierarchical
microstructures reduce interfacial adhesion of electrodes. Piezocapaci-
tance of sensors with: (c) pyramids of the same size but different spacing;
(d) pyramids of different sizes but the same spacing, (e) pyramids of
multisize and the same spacing. Scale bar: 50 pum.

The above analysis reveals that the spacing between
adjacent pyramids is the key factor affecting both the sensi-
tivity and hysteresis. We propose a hierarchically structured
electrode that consists of pyramids with different sizes to
increase the sensitivity and lower the interfacial adhesion.
To quantitatively show the manipulation effect, the spacing
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Fig. 3. Performance of the champion sensor (sensor M8). (a) Pressure
detection limit test (0.1Pa). (b) Selected cycles of the cyclic repeatability
test. (c) T90 response time test (~21ms). (d) 10000 cycles of testing.

between the pyramids was set to a fixed value of 35 xm, and
the sizes and quantity ratio between different sized pyramids
were regulated to tune the sensitivity and hysteresis. Fig. 2(d)
shows the comparison of the M4-6 sensors consisting of
electrodes with pyramids of 30 xm, 30:20 um = 1:1, and
30:20:10 um = 1:1:1, respectively. By using a multisized
pyramidal microstructure, the device sensitivity increased from
0.510 kPa~! to 0.698 kPa ! due to the decreased density of
the large pyramids of 30 um, and the hysteresis was controlled
to be no larger than 7.40% due to the addition of small
pyramids.

This strategy allowed us to further optimize the device
performance. As shown as Fig. 2(e), by adopting a pyramid
array of 30:20:10 um = 1:6:29, sensor M8 exhibited both a
high sensitivity of 3.73 kPa~? (this value is anong the highest
ones for flexible capacitive pressure sensors [18], [27]-{29]),
and a low hysteresis of 4.42%, beyond previous
records [16], [17], [19], [29]-{31]. As presented in Fig. 3,
sensor M8 shows excellent performances with an extremely
low detection limit of 0.1 Pa, good repeatability, fast response
(~21 ms), and excellent cycling stability (almost no decay
over 10000 cycles).

Note our devices with relatively large capacitance allow
simplified measurement by using BOPP as an ultrathin flexible
dielectric film with very stable dielectric properties and a
typical dielectric constant of 2.2. For sensor M8, the initial
capacitance was ~27 pF at 0 kPa and the capacitance at
100 kPa was ~197 pF. In rea-world applications, the noise
fluctuations in the environment and circuits are often close
to the pF level; our sensors have a high signal-to-noise ratio
(SNR) and do not require sophisticated equipment for the
measurement.

Furthermore, hierarchically structured sensors with low
hysteresis are more favorable for accurate dynamic sensing,
as exemplified by measuring, wrist pulses. Two highly
sensitive pressure sensors, one with low hysteresis (sensor
M8, hierarchical structure) and the other with high hysteresis
(sensor M1, single type pyramids), were compared regarding
the recorded wrist pulse waveforms. As presented in Fig. 4(a),

Fig. 4. An application of wrist pulse test using sensors with different
hysteresis. (a) Pulse test using a high hysteresis sensor (sensor M1),
and a low hysteresis sensor (sensor M8). (b) Comparison for the details
of wrist pulse waveform detected by both sensors.

both sensors clearly and steadily recorded pulse waveforms
due to the high sensitivity of both sensors, however, the
enlarged pul se-period-normalized waveforms (Fig. 4(b)) shows
the evident differences. Standard pulse waveforms should
include a systolic peak (P1), a reflected systalic peak (P2), a
dicrotic notch (P3), a diastolic peak (P4) and an end-diastolic
notch (Ps). However, sensor M1 lost the details of peak P,
between peaks P; and P3 and was inaccessible for the time
interval between P; and Py; therefore, it is difficult to estimate
the radia artery augmentation index (Al, Al = Po/Py).
Additionally, the reflectance index (RI, Rl = P4/P1) of sensor
M1 was 38.9% higher than that of sensor M8 due to its large
hysteresis. Therefore, sensors with low hysteresis are helpful
to reduce the pulse waveform distortion and to accurately
assess the stiffness of arteries for diagnosing hypertension,
coronary atherosclerosis, and many other cardiovascular
diseases [32]{34]. All of these points indicate that
hierarchically structured sensors with both a low hysteresis
and high sensitivity are more suitable for precise dynamic
sensing.

IV. CONCLUSION

We proposed a new design of pressure sensor using hier-
archically micropyramid structures to significantly reduce
hysteresis while maintaining its high sensitivity. The inter-
facia hysteresis is identified as an important factor for
the large hysteresis of a flexible pressure sensor, which
was rarely noticed in previous studies [13]. Due to the
advantages of the hierarchical microstructure with reduced
interfacial adhesion, we were able to generate a new
device that exhibits a very low hysteresis of 4.42% and
high sensitivity of 3.73 kPa—l. Our pulse sensing com-
parison showed that both features (the low hysteresis
and high sengitivity) of the hierarchically microstructured
device are essential to achieve accurate pulse information,
which shows great potential for advanced electronic skin
devices.
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