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Mimicry of the somatosensory system in the human skin via electronic devices exhibits broad applications in
intelligent robotics and wearable electronics. Here, we report a novel biomimetic flexible dual-mode pressure
sensor that is based on the interlocked piezoelectric and piezoresistive films with pyramid microstructures. The
sensitivity of the sensor is significantly enhanced because of the induced larger stain variation along the thickness
direction of the former piezoelectric film and increased contact area in the latter piezoresistive film. The syn-
ergistic effect of the piezoelectric and piezoresistive responses to stimuli also allows the dual-mode sensor to
detect over broad pressure and frequency ranges. The analysis of these signals can deconvolute multiple aspects
of the complex stimuli loading processes, including their loading direction, rate, magnitude, and duration. As a
proof-of-concept demonstration, the dual-mode pressure sensor is successfully integrated with manipulators and
human bodies to decode the complex and delicate picking processes and human motions, respectively. When
combined with the other sensing modalities, the multifunctional dual-mode pressure sensor delivers new
application opportunities in intelligent soft robotics and human-machine interfaces.

pressure and gentle touch of 1-10 kPa) can also be perceived by hair
follicles (HF) and C-fibre low-threshold mechanoreceptors (LTMs).

1. Introduction

As a delicate sensory organ of the human body, the skin could sense
multiple spatiotemporal tactile stimuli of various frequencies and in-
tensities through different types of tactile receptors. In particular, the
slowly adapting receptors (i.e., Merkel and Ruffini corpuscles) respond
to static stimuli on the skin, which helps sense the pressure during
grasping processes. Meanwhile, the fast-adapting receptors (i.e., Meiss-
ner and Pacinian corpuscles) can detect dynamic stimuli, ranging from
texture discrimination in low-frequency (5-50 Hz) to vibration in high-
frequency (up to 400 Hz) [1-4]. Broad pressure range includes subtle
pressure (e.g., a light brush of <100 Pa) and large pressure (e.g., pulse

Simultaneous detection of static and dynamic mechanical stimuli
over a large pressure range in a relatively linear manner is of critical
significance for flexible electronic skins in interactive human-machine
interfaces, including smart prosthesis, medical rehabilitation, and hu-
manoid robotics [5-14]. Early efforts exploit piezoresistive or capacitive
sensors for the static and low-frequency mechanical stimuli and piezo-
electric or triboelectric sensors for the dynamic and high-frequency
stimuli [15-22]. The former relies on a continuous electrical response
of active sensing elements, whereas the latter merely responds to
high-frequency stimuli via instantaneous charge generation [2,23-29].
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Additional efforts on novel materials and designs of micro/-
nanostructures have demonstrated improvement in limit/range of
detection and sensitivity due to the easy deformation of high surface
area structure [30,31]. For instance, interlocked micropillars [31],
graded intrafillable microstructures [32], and multilayer interlocked
geometry [33] can significantly increase the maximum sensing pressure
range with boosted sensitivity. However, it is still challenging to
simultaneously detect the pressure over a wide magnitude and fre-
quency range in high sensitivity with a single-mode sensor.

Various methods have been investigated to extend the sensing
capability, and one representative effort is to explore dual-mode sensors
for simultaneous monitoring of various stimuli [34-37]. Among them,
exploiting the integration of two transduction modes (e.g., nano-
wires/graphene heterostructures, hierarchical micro-/nano-structured
ZnO nanowire arrays, and piezoelectric PVDF/graphene sandwiches)
[38-45] can simultaneously detect the magnitudes of static and dynamic
stimuli by combining the piezoelectric with piezoresistive modes.
However, these studies only focus on the simple combination of the
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magnitudes of measured stimuli, without further exploration of the
sensing capability. For instance, the direction and rate of change in the
stimuli are not readily available from the piezoresistive mode, whereas
the piezoelectric mode cannot distinguish the reverse loading from the
unloading process. Realizing the full potential of the dual-mode sensors
hinges on the comprehensive analysis of the measured signals. The
motion direction, operating rate, and real-time attitude are required for
up-to-date intelligent robots to adapt and work in the complex, dy-
namics, and sometimes extreme environments [46]. However, the
existing dual-mode sensing modules are not sufficient, and they lack the
aforementioned information to do so, thereby limiting their applications
in laboratory settings. Thus, it is highly desirable to develop and
demonstrate a dual-mode pressure sensor with extended capabilities to
capture the missing information (e.g., the direction, rate, and magnitude
of dynamic and static stimuli) for future robots and human-machine
interfaces.

Here, we report a comprehensive set of theoretical/numerical design
tools and fabrication schemes to quantitatively elucidate the sensing
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Fig. 1. Human skin-inspired multifunctional dual-mode pressure sensor. a) Schematic illustrations of the structure of human skin and the multifunctional dual-mode
pressure sensor in exploded view. Human skin consists of slow-adapting mechanoreceptors [Merkel (MD) and Ruffini corpuscles (RE)] for static stimuli, fast-adapting
mechanoreceptors [Meissner (MC) and Pacinian corpuscles (PC)] for dynamic stimuli, hair follicles (HF) for subtle pressure, C-fibre low-threshold mechanoreceptors
(LTMs) for large pressure, respectively. The multifunctional dual-mode pressure sensor is composed of two flexible sensing layers for piezoelectric and piezoresistive
modes: the piezoelectric layer mimics the fast-adapting mechanoreceptors (i.e., MC and PC) to sense the high-frequency dynamic stimuli. The interlocked piezor-
esistive layers capture the static stimuli to emulate the slow-adapting mechanoreceptors (i.e., MD and RE). The interlocked pyramid microstructures mimic those on
the human skin to help increase the sensitivity due to their modulation in the stress distribution and contact area. The synergistic effect of the piezoelectric and
piezoresistive films allows the dual-mode sensor to work over a broad pressure magnitude range to emulate the function of HF and C-fibre LTMs in the human skin. b)
The complex loading process can be accurately captured by combining the dynamic loading rate and direction detected by the piezoelectric layer with the magnitude
and duration measured by the piezoresistive layer. This capability opens up new application opportunities for the dual-mode pressure sensors in interactive human-

machine interfaces and intelligent robots.
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mechanism and demonstrate the unique application opportunities of
dual-mode pressure sensors with piezoelectric and piezoresistive layers.
The surface relief pyramid microstructures are designed for both the
piezoelectric P(VDF-TrFE) film and piezoresistive rGO arrays in the
dual-mode pressure sensors, in which the unique architecture contrib-
utes to a large stain variation along the thickness of the former piezo-
electric film and increased contact area to the latter piezoresistive array
for enhanced sensitivity. The synergistic effect of piezoelectric and
piezoresistive materials yields a flexible dual-mode pressure sensor with
high sensitivity over an exceptionally broad pressure range (0.015-9
kPa) and linear response in a wide frequency range (0-700 Hz). Most
importantly, combining the dynamic loading rate and direction
measured by the piezoelectric layer with the magnitude and duration
measured by the piezoresistive layer results in the unique capability to
capture the complex loading process. The real-time measurement of the
dynamically changing stimuli with the dual-mode pressure sensors is
further demonstrated as sensitive manipulators and precise motion de-
coders for future human-machine interfaces.

2. Results and discussion

Inspired by the structures and physiological functions of the human
skin, a dual-mode electronic-skin (e-skin) is demonstrated with flexible
and microstructured piezoelectric and piezoresistive layers (Fig. 1). The
top piezoelectric film in the e-skin mimics the perceptive function of the
fast-adapting receptors in the human skin to detect high-frequency dy-
namic stimuli, whereas the bottom piezoresistive module captures static
pressures similar to the slow-adapting mechanoreceptors. The piezor-
esistive module relies on the change in contact resistance between two
rGO arrays with interlocked micro-pyramids. The interlocked pyramid
microstructures mimic those on the human skin to help increase the
sensitivity due to their modulation in the stress distribution and contact
area. Meanwhile, the synergistic effect of the piezoelectric and piezor-
esistive films allows the dual-mode e-skin to work over a broad pressure
magnitude range to emulate the function of HF and C-fibre LTMs in the
human skin. Most importantly, the complex loading process can be
accurately captured by combining the dynamic loading rate and direc-
tion detected by the piezoelectric layer with the magnitude and duration
measured by the piezoresistive layer. This capability opens up new
application opportunities for the dual-mode pressure sensors in inter-
active human-machine interfaces.

The pressure loaded on the piezoelectric film generates the piezo-
electric voltage, according to the piezoelectric theory. Constitutive
models have been proposed to establish relations among the stress oj;,
strain &;;, electrical field E;j, and electrical displacement Djj, where cj;, ej;,
and k;j are the elastic, piezoelectric, and dielectric constants, respec-
tively. The coordinate x; is defined along the longitudinal direction, x5 is
along the width direction, and x3 is along the thickness direction (also
the piezoelectric polarization direction). Considering that a uniaxial
compressive force F applied along the x3 direction on a flat piezoelectric
film with an area of A, the voltage V across its thickness [ measured by a
voltmeter with an inner resistance of R is obtained as [47].
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where F = Fax[1 —cos(2xft)]/2 is a periodic function of time t, € = e33—
[2¢13 /(c11 +c12)]esr and k = ka3 + [2c33€3; —4c13es1ess +(c11 +ci2)eds] /
(c11€33 +C12633 —2¢2;) are the effective piezoelectric constants, E =

C33 — 2c%3 /(c11 + c12). The material parameters of P(VDF-TrFE) are as
follows: ¢c11 = 1.6 x 10° N/m? c12 = 0.8 x 10° N/mz; c13=1.42 x 10°
N/m?; ¢33 = 1.63 x 10° N/m?; e3; = 0.032 C/m?; e33 = —0.02 C/m?; ka3
= 1.6 x 1071° F/m [48]. While the tailoring of microstructures have
been demonstrated as an effective means to increase the voltage output
and piezoelectric sensor response [49], their precise effect remains
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elusive. The systematic study involves the role of piezoelectric films with
a surface relief of periodic cylindrical, truncated hemispherical, and
truncated pyramidal microstructures, all with the same base area of Ay
(Fig. S1, Supporting Information). Quantitative analysis of piezoelectric
output under pressure is carried out by changing the side length ratio of
the bottom to top. The average stress in all three microstructural unit
along the thickness (i.e., x3) can be expressed as
mF

= 2
033 A, (2

wherem =ay/a;, a; and ay are the side lengths at the top and base of the
microstructures (m = 1 for cylindrical microstructures). Since the
calculated voltage is across the thickness direction, the voltage is mainly
related to the film thickness, base area, and top area. Because the voltage
output from the piezoelectric films is dominated by the microstructures,
it can then be expressed as

— — t
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According to the SEM image of the surface morphology of the pre-
pared pyramidal microstructures (inset of Fig. Slc, Supporting Infor-
mation), the m value in the pyramidal microstructures is 10. The
hemispherical microstructures prepared by following the method in the
previous literature report [50] leads to a choice of 5 for the m value. The
theoretical calculation results show that the thin film with a
pyramid-shaped structure has a large voltage output compared to the
cylinder- and hemisphere-shaped micropatterned thin films under the
same pressure, which is further confirmed by the ABAQUS simulation
(Fig. 2a). Compared to the cylinder- and hemisphere-shaped micro-
structures, the film with a pyramid-shaped structure has a larger
stress/strain variation along the thickness direction and therefore gives
higher piezoelectric output, which is consistent with the previously re-
ported results on pressure sensors with different microstructures (e.g.,
cylindrical, hemispherical, pyramidal microstructures) [51].

The piezoresistive sensor relies on the pressure-induced resistance
change. The total resistance R of each sensing unit is composed of three
parts [50,52]: the resistances of the top electrode (Rcg), contact interface
(Rcp), and bottom electrode (Rgg), i.e.,

Lie , do |, Lus

R:RTE+RCI+RBE:P(~,(A—+A +A ) 4)
G a G

where the pg, is resistivity, Ltg and Lgg are the length of graphene in the
top and bottom layer of each sensing unit, dg is the thickness, Aq is
contact area, Ag is the cross-sectional area of graphene film. As the
piezoresistive layers act as electrodes with sufficiently small resistance,
the total resistive change is dominated by the contact interface resis-
tance between the top and bottom graphene layers. The contact inter-
face resistance is mainly contributed by the change of the contact area
A in response to pressure, which is simulated in the piezoresistive films
with three microstructures (Fig. 2b). Compared to the cylinder- and
hemisphere-shaped microstructures, the pyramidal microstructures
induce a larger local stress concentration at the contact, and the stress
intensity increases as the normal pressure increases. The deformation of
the pyramidal microstructures induced by the local stress further causes
a larger increase in the contact area, contributing to the enhanced
sensitivity. Therefore, the results indicate that films with pyramid mi-
crostructures can help improve the sensing performance of both the
piezoelectric and piezoresistive sensors.

Based on these results, thin films with pyramid-shaped microstruc-
tures and the optimal designs obtained by the theoretical and numerical
studies have been explored in the following experimental investigations.
Because the larger pyramid microstructures arranged in a higher density
array are found to increase the measurement range and output voltage of
the sensor [53], the micro-pyramid array with a hemline length of 60 pm
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Fig. 2. Theoretical and numerical analyses of the influence of microstructures on the piezoelectric and piezoresistive sensing performance. a) A comparison of the
voltage output between the theoretical predictions and simulation results as a function of the applied pressure for the piezoelectric film with different microstructures
(the voltage drop across the piezoelectric film with cylindrical, hemispherical, pyramidal microstructures shown in the insets). b) Simulation results of the change in
contact area as a function of the applied pressure between the piezoresistive films with different microstructures (the stress distributions of the piezoresistive film
with cylindrical, hemispherical, pyramidal microstructures shown in the insets). ¢) Schematic illustration of the fabrication process for the dual-mode sensor. d) Top
view of the scanning electron microscopy (SEM) images of the pyramidal microstructure on the piezoelectric and piezoresistive layers.

and pitch size of 60 pum is selected without increasing fabrication
complexity. The height of 42 pm is then determined since an angle of
54.7° forms between the slanted plane and square from the wet etching
process of the Si mold. The same Si mold is used to prepare both the
piezoelectric and piezoresistive components in the dual-mode sensor
(Fig. 2c). In brief, peeling off the cured piezoelectric P(VDEF-TrFE) and
PDMS films from the Si mold provides the film with the identical mi-
crostructures. The formation of polar phases in P(VDF-TrFE) films was
confirmed by X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR) analyses (Figs. S2a and b, Supporting Information).
The deposition of Au electrodes on both sides of the piezoelectric P
(VDF-TrFE) film with the pyramidal microstructures leads to the
piezoelectric module. The rGO solution was fabricated using a two-step

freeze-drying and thermal annealing method. Raman spectra of GO and
GO revealed two peaks at 1340 cm ™! and 1590 cm™?, corresponding to
the D band and G band, respectively (Fig. S2¢, Supporting Information).
The normalized relative current change (AI/Iy) of the piezoresistive
sensor without microstructure (i.e., planar piezoresistive layers) was
demonstrated to depend on the rGO loading concentration (Fig. S3a,
Supporting Information). The rGO loading concentration of 0.75 mg/mL
was selected due to the highest sensitivity for sensing the pressure and
bending (Fig. S3, Supporting Information). The resistance change from
the piezoresistive sensor can be associated with either the applied
pressure or the bending stress, thus, decoupling the current changes
from the bending stress and the applied pressure has remained a
daunting challenge. Representative strategies to address this challenge
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include 1) minimizing the effect from one (e.g., strain [54] or pressure
[55]), 2) allow the sensor to exhibit different structural changes upon
pressure and strain [56], 3) exploiting multiple sensors in the array [57].
We further show the measured Al/Iy characteristics according to the
applied pressure while the bending stress is applied, the sensor with an
applied bending strain of 1 % can still clearly distinguish the applied
pressure of 1, 2, and 3 kPa in the measured AI/Ij characteristics (Fig. S4,
Supporting Information). In the next step, the spin coating of the rGO on
its side with the microstructure prepares the top piezoresistive electrode.
After the spin coating of the rGO on the side of the PDMS with the
microstructure, assembling it with the above piezoelectric P(VDF-TrFE)
layer forms an interlocking structure. The pyramid microstructuresare
uniformly distributed with high precision, as indicated in the scanning
electron microscopy (SEM) images (Fig. 2d).

Evaluation of the fabricated dual-mode sensor (Fig. 3) indicates the
minimum detectable pressure from the piezoelectric mode is 100 Pa,
whereas the one from the piezoresistive mode is 15 Pa (Fig.3a and
Figs. S5a and b, Supporting Information). Although the piezoresistive
mode can detect the pressure up to 4 kPa with a high sensitivity of 14.5

Pa~! (Fig. 3b), the response saturates for the higher applied pressure (i.
e., above 4 kPa) (Fig. S5c, Supporting Information). The sensitivity is
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also observed to be higher than those from their interlocked counter-
parts with either cylinder-shaped (6.8 kPa_l) or hemisphere-shaped
microstructures (10.1 kPa™!) [44]. In contrast, the piezoelectric
voltage continues to increase rapidly as the pressure increases from 4
kPa to 9 kPa (Fig. S5d, Supporting Information). In fact, the piezoelectric
mode maintains a high sensitivity of 1.62 V/kPa'in the broad pressure
range from 100 Pa to 9 kPa (Fig. 3b), which agrees reasonably well with
Eq. (3) for the applied pressure up to 10 kPa (Fig. S6, Supporting In-
formation). The deviation for the applied pressure above 10 kPa comes
from the fact that the theory does not account for the maximum number
of dipoles that could orient in the piezoelectric material. The difference
in the range of detection between two modes comes from the respective
sensing mechanisms of piezoresistive and piezoelectric sensors. A small
pressure at the interface of contacting graphene pyramids would
generate a friction force that results in a controlled yet rapid increase in
the contact area and measured current, leading to the sensitive piezor-
esistive sensors for detecting pressures at the lower range [58,59]. As the
pressure gradually increases, the increase in the contact area slows down
and eventually saturates so that the piezoresistive sensors reach their
detection limit. In contrast, the centers of both positive and negative
charge carriers are not fully separated for a smaller applied pressure,

Fig. 3. Pressure and frequency sensing
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resulting in a small piezoelectric potential. The increase in the applied
pressure results in a further separation between the centers of positive
and negative charge carriers before reaching a maximum value (i.e., the
maximum number of dipoles that could orient in one direction), corre-
sponding to the upper limit in the pressure range [60]. The observed
difference in the range of detection between two modes from this study
is also consistent with the recently reported results (e.g., 6.8 kPa’! in
[0.6, 13] kPa for the piezoresistive mode and 0.006 V/kPa in [40, 17.4]
kPa for the piezoelectric mode [44]. In addition to high sensitivity, both
sensing modes exhibit excellent linearity, i.e., 0.98 over the entire
pressure range from 15 Pa to 4 kPa for the piezoresistive mode and 0.99
over the range from 100 Pa to 9 kPa for the piezoelectric mode (Fig. 3b),
likely attributed to the interlocked pyramid microstructures. The role of
the interlocked pyramid microstructure on the enhanced sensitivity and
linearity has been further confirmed by a direct comparison between
three piezoresistive sensors: 1) with the interlocked pyramid-shaped
microstructure array, 2) with single-sided pyramid-shaped microstruc-
ture array, and 3) without microstructures. The sensor with the inter-
locked pyramid-shaped microstructure array indeed shows much higher
sensitivity and linearity than the other two (Fig. S7, Supporting Infor-
mation). Together, the dual-mode sensor demonstrates a highly linear
sensing performance over a broad pressure range (15 Pa-9 kPa) for
monitoring diverse stimuli in from a low to high pressure, which can
cover most of the range for the medium pulse pressure and gentle touch
(1-10 kPa), as indicated in the previous literature reports [33].

Detecting various vibration and sound waves over a wide frequency
range is also crucial for the electronic sensor to mimic the equ capability
of the human skin. The piezoresistive mode can readily detect the static
or low-frequency (e.g., below 0.05 Hz) pressure (Fig.3c and Fig. S8a,
Supporting Information), but it becomes challenging as the frequency
increases to approach the response frequency (i.e., the inverse of the
response time) of the sensor. In particular, the piezoresistive mode can
no longer detect the signal once the frequency exceeds 60 Hz (Fig. S8b,
Supporting Information). The response time of the piezoresistive mode
is determined to be 15 ms (Fig. S9, Supporting Information), which is
limited by the viscoelasticity of PDMS [44]. This limitation may be
addressed by exploiting different elastomeric substrates with hierar-
chical structures for high-frequency applications [61]. In contrast, the
piezoelectric layer presents a suitable alternative to detect dynamic
high-frequency stimuli. The dynamically changing pressure reorients
the aligned molecular dipoles in the piezoelectric layer to cause an in-
ternal piezoelectric potential. When externally connected, the free
charge carriers could flow from the higher to the lower potential region
through the metal electrodes to balance the internal piezoelectric po-
tential, thus giving rise to an impulse signal. The impulsive voltage
output from the piezoelectric layer is only present when there is a
dynamically changing signal (Fig. S8d, Supporting Information). As the
frequency of the pressure loading reduces to a lower value such as below
0.05 Hz, the generated instantaneous impulse becomes even smaller
than the noise (Fig. S8c, Supporting Information). Nevertheless, both
sensing modes exhibit a highly linear and sensitivity response in their
frequency range, i.e., a sensitivity of 14.5 kPa over the frequency range
(< 60 Hz) for the piezoresistive mode and a sensitivity of 1.62 V/kPa
over the frequency range from 0.05 to 700 Hz for the piezoelectric mode
(Fig. 3d). The highly linear and sensitive performance (Spiezoresistive =
14.5 kPa™Y, Spiezoelectric = 1.62 V/kPa) of the dual-mode sensor over a
broad pressure (0.015-9 kPa) and frequency range (0-700 Hz) compares
favorably with the previous literature reports (Fig. 3e and f) [62-71].
Most of the previously reported sensors only work within a narrow
frequency range [39,47,63], i.e., below 100 Hz. Although a few sensors
demonstrate a relatively wide frequency range [44,45,63], their sensi-
tivities are significantly lower than ours. Together with the excellent
linearity, our dual-mode sensor exhibits unprecedented sensing
capabilities.

Simultaneous measurements of the high-fidelity pressure from both
the piezoelectric and piezoresistive modes further allow for the

Nano Energy 78 (2020) 105337

deconvolution of the complex loading processes. The simultaneous
measurement setup includes a semiconductor parameter analyzer
(4200-SCS, Keithley) and piezoelectric data acquisition system (KSI)
(Fig. S10, Supporting Information). The challenge lies in the differen-
tiation of the rate, direction, and magnitude of the dynamically chang-
ing stimuli in the complex loading process. The concept is first
illustrated in a simple bending process. The bending strain applied on
the specimen is gradually reduced from 3 % to 0 % at a step size of 1 %
and an unloading rate of 2 %/s in the first bending process (Fig. S11a,
Supporting Information), whereas it is reduced from 3 % to —1.5 % at a
step size of 1.5 % and an unloading rate of 2 %/s in the second bending
process (Fig. S11c, Supporting Information). Although the two bending
processes are different in the unloading step size, the output voltage
signals from piezoelectric sensors are indistinguishable due to the same
unloading rate (Fig. S11bd, Supporting Information). The capability of
the piezoelectric mode to detect the loading or unloading rate relies on
its frequency-dependent response. Regardless of unloading or reverse of
bending led the free-charge carriers to return from the negative to the
positive potential across the external circuit, giving rise to a negative
peak. Therefore, the piezoelectric mode cannot differentiate the
unloading (1 %-0 % in the 1st process) from the reverse loading (0 % to
—1.5 % in the 2nd process), failing to inform the ultimate stress or strain
state of the specimen. Meanwhile, the piezoresistive mode cannot pro-
vide the information on the loading direction and rate. Therefore, the
output from the piezoresistive sensor remained the same regardless the
specimen is bent to the left or right at different step loading rates
(Figs. S12a-c, Supporting Information). However, the synergistic effect
between the piezoelectric and piezoresistive modes in the dual-mode
sensor may present opportunities to deconvolute various aspects of the
complex loading process, including loading rate, direction, magnitude,
and duration.

As a proof-of-concept demonstration, the dual-mode sensor is used to
deconvolute the various aspects (e.g., loading direction, rate, and
magnitude), which is then exploited to reproduce the real-time varying
pressure loading process (Fig. 4a and b). The loading direction is defined
as positive (or negative) as the pressure is applied on the top (or bottom)
surface of the sensor. In brief, the loading direction can be first informed
by combining the sign of piezoelectric signal and changing trend of the
piezoresistive signal. When the piezoresistive signal is increasing, the
positive (or negative) piezoelectric signal leads to a positive (or nega-
tive) loading. When the piezoresistive signal is decreasing, the positive
(or negative) piezoelectric signal leads to an unloading process from
negative (or positive) loading. Next, the magnitude and duration of the
pressure can be obtained from the piezoresistive signals. The loading
rate can then be determined from the first peak of the piezoelectric
pulse. The steps start with the recording of both the piezoelectric and
piezoresistive signals from the dual-mode sensor during the pressure
loading (Fig. 4a). The increase in the piezoresistive current from zero
together with a positive piezoelectric pulse indicates a positive pressure
loading. As the magnitude of the pressure (P) scales linearly with the
normalized current change (Al/Iy) with a slope of 14.5 kPa™ according
to the relationship AI/Iy= (P-0.015) x 14.5, the measured Al/Ij of 29.6
yields a pressure of 2.06 kPa. The loading rate (r) to ramp up the pres-
sure to 2.06 kPa can be determined from the piezoelectric signal, since it
scales linearly with the first peak of the piezoelectric pulse (Vyu).
Because the calibrated slope is 0.23 V/(kPa/s) and the loading rate
intercept is 0.1 kPa/s (Fig. S13, Supporting Information), the linear
relationship is expressed as Vo= (r-0.1) x 0.23. The measured V,; of
0.22 V then gives a loading rate of 1.05 kPa/s. The pressure is main-
tained at 2.06 kPa for ca. 10 s, as indicated by the piezoresistive signal.
Next, the decrease in the piezoresistive current to zero together with a
negative piezoelectric pulse indicates two pressure unloading steps to
reduce the pressure down to 0 kPa. The increase in the piezoresistive
current from zero together with a negative piezoelectric pulse then in-
dicates two negative pressure loading steps (i.e., reverse loading steps).
Following a loading rate of 2.08 kPa/s and 2.05 kPa/s, respectively, the
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Fig. 4. Application of dual-mode sensors to
deconvolute various aspects (e.g., loading
direction, rate, and magnitude) of a complex
pressure loading or bending process. a)
Measured piezoelectric voltage and piezor-
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magnitude of the pressure increases to 1.03 kPa and then to 2.07 kPa
during the two reverse loading steps. Finally, the decrease in the pie-
zoresistive current to zero together with a positive piezoelectric pulse
indicates a reverse unloading process to reduce the pressure down to 0
kPa. Compared to the actual pressure loading process (i.e., the black
dotted line in Fig. 4b), the reproduced loading and unloading steps
during the entire process measured by the dual-mode sensor only show a
negligibly small error of less than 5 %.

The complex bending process can also be accurately reproduced by
the dual-mode sensor with simultaneous measurements of piezoelectric
and piezoresistive signals (Fig. 4c). Similar to the loading direction in
the above example, the bending direction is determined first with the
positive for left and negative for right. Next, the magnitude of the
bending strain ¢ is calculated from the normalized relative piezoresistive
current Al/Ij, according to the linear relationship Al/Iy= (e-0.02%) x
2.16. For instance, the bending strain of 2.09 % is obtained as the
normalized relative piezoresistive current Al/I, is measured to be 0.45.
Meanwhile, the linear dependence of the strain rate (S) on the first peak
of the piezoelectric pulse Vi leads to a strain rate of 2.03 %/s, as Vqy is
measured to be 0.35 V according to Vo= (S-0.05) x 0.18. Following a
similar analysis, the bending strain applied to the specimen decreases to
0 % during an unloading step. After the specimen bends to the right, it is
loaded reversely to a strain of 2.1 %, followed by two unloading steps
back to 0 % at an unloading rate of 8.05 %/s. The reproduced bending
process also accurately captures the various aspects of the actual
deformation process (Fig. 4d).

Precisely capturing the real-time dynamically changing stimuli cre-
ates application opportunities for the dual-mode sensor in intelligent
robots [72] and future human-machine interfaces. The dual-mode
sensor is first demonstrated as a smart manipulator in intelligent fac-
tories to grab and transport delicate objects on the assembly line toward
the former application (Fig. 5a). Simply attaching the dual-mode sensor
on the joint of the manipulator allows it to self-monitor its operation
stage (Fig. 5b). The bending direction, rate, and angle of the manipulator
can be decoded from the comprehensive analysis of the measured
piezoelectric and piezoresistive signals. Realizing the full potential of
future human-machine interfaces also hinges on the real-time

0 10 20 30 40 50 60 70 80

Time (s)

monitoring of both the speed and gesture, because the range of motion
controls is significantly limited by the simple gesture/motion detection.
Applying the dual-mode sensor on the human wrist easily expands the
previous motion detection into various aspects of motions, including
motion direction, range, and speed (Fig. 5¢). Furthermore, the applica-
tion of the flexible dual-mode sensor for an interactive human-machine
interface demonstrates its capability to control the manipulator for
specific gestures (Fig. 5¢) as instructed by the human wrist in real-time
(Fig. 5d). In brief, the acquired sensing signals from the wrist motions
are processed by an analog-to-digital converter (ADC) after amplifica-
tion and filtering. Next, the digital signals from the ADC module are
further received and processed by the micro-controller, which are then
sent to a workstation PC via a serial port. The classified control com-
mands from the workstation PC are sent to the Franka Control Interface
to control the Franka manipulator as instructed by the human wrist
through the changes in bending direction, angle, and rate (Movie S1,
Supporting Information).

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105337.

3. Conclusion

In summary, we have demonstrated a highly linear and sensitive
bioinspired dual-mode sensor that combines the top piezoelectric
module with a bottom piezoresistive module in an interlocked manner
with pyramidal microstructures. Through a comprehensive set of theo-
retical/numerical design tools, the optimized pyramidal microstructures
are demonstrated to induce a large stress/strain variation along the
thickness direction of the piezoelectric film and an increased contact
area change in the interlocked piezoresistive module for enhanced
sensitivity. By utilizing the synergistic effect between the piezoelectric
and piezoresistive signals to static and dynamic stimuli, the flexible
dual-mode sensor exhibits a highly linear and sensitivity response over a
broad pressure and frequency range. Most importantly, the dual-mode
sensor can deconvolute various aspects of the complex loading process
(e.g., loading rate, magnitude, and direction), which is explored to
accurately reproduce the complex loading process. Proof-of-concept
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Fig. 5. Applications of the dual-mode sen-
sors as a smart manipulator or human mo-
tion decoder for future intelligent robots and
human-machine interfaces. a) Schematic di-
agram of the smart manipulator grabbing
and transporting delicate objects on the as-
sembly line. Measured piezoelectric voltage
and piezoresistive current from the dual-
mode sensor during the operation of the b)
smart manipulator and ¢) human motion
decoder.d) Demonstration of the flexible
dual-mode sensor for real-time, continuous
control of a manipulator via the recoded
motion signals from the human wrist, cor-
responding to the complex loading process
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demonstrations also include smart manipulators in intelligent factories
and motion decoders for exploiting various aspects of motions. Such
demonstrated capabilities enable the dual-mode sensor to be integrated
with various objects to create application opportunities in intelligent
soft robotic systems, interactive wearable electronics, and future
human-machine interfaces.

4. Experimental section
4.1. Preparation of microstructured P(VDF-TrFE) piezoelectric films

The P(VDF-TrFE) powder (Piezotech) was first mixed with N, N-
Dimethylformamide (DMF) at a molar ratio of 70 to 30. Stirring the
mixture at room temperature for 2 h yielded a uniform solution. Casting
the uniform solution on the Si mold with pyramid microstructures, fol-
lowed by annealing at 120 °C for 2 h to enhance crystallinity, prepared
the P(VDF-TrFE) film. After peeling off from the Si mold, the micro-
structured film was then polarized by placing it in a silicone oil bath at a
high electric field of 60 MV/m for half an hour. High piezoelectric
properties were obtained in the resulting film (e.g., d3s3 = 23 pC/N™1).

4.2. Synthesis of reduced graphene oxide (rGO) and GO

GO was prepared by a modified Hummers’ method. In brief, after

—50.2° at bending rates of 46.3 °/s and 44.8
°/s in the first and second steps, respectively.
(VID) Lastly, the bending angle is reduced
from —50.2° to 0° at a bending rate of 62.7
°/s.

adding the graphite powder (1 g) into the solution of concentrated
H3SO4 (25 mL) and NaNOsg (0.5 g), the mixture was oxidized by KMnO4
(4 g) under vigorous stirring for 30 min in an ice water bath. Next, the
mixture was allowed to react for 1.5 h while keeping the temperature
below 281 K. Moving the mixture into a water bath at 35-37 °Cfor 1.5 h
obtained a brown suspension. After adding the cold distilled water of 70
mlL, the mixture was heated to 90 °C for 30 min. Next, the mixture was
further diluted with distilled water of 30 mL and treated with 30 % Hy0-
of 5 mL. After the suspension turned bright yellow, the GO dispersion
was centrifuged at 1000 rpm for 40 min twice to remove the unexfo-
liated particles and then centrifuged at 8000 rpm for 40 min twice to
remove the small flake GO. Lastly, centrifuging at 10,000 rpm produced
the GO dispersion.

The rGO solution was fabricated using a two-step freeze-drying and
thermal annealing method. The GO powder was first prepared using a
freeze-casting process. In a typical synthesis procedure, the GO disper-
sion was mixed with ascorbic acid at a 1:2 wt ratio. The mixture was
diluted with distilled water of 40 mL and sonicated for 30 min to obtain
a uniform dispersion. The obtained solution was thermally annealed at
90 °C to yield the rGO solution.

4.3. Preparation of microstructured rGO films

The patterned Si template was first cleaned with deionized water.
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The hydrophobic treatment of the patterned Si template was conducted
by immersing it into a solution consisting of n-heptane of 10 mL, tri-
methoxyoctadecylsilane of 0.2 mL, and ethyl acetate of 0.5 mL for 2 h.
Next, the Si template was annealed in an oven at 100 °C for 1 h. The
microstructured PDMS film was prepared by spin-coating the mixture of
PDMS (Sylgard 184, Dow Corning) with the ratio of part A to part B at
10:1 on the Si template at 1000 rpm for 20 s using an EZ4 spin coater
(Schwan Technology). After degassing and curing, the microstructured
PDMS film was peeled off. Next, the surface of PDMS with microstruc-
ture was treated by O plasma to modify its surface with hydroxyl groups
and render it hydrophilic. A thin layer of rGO film was prepared on the
PDMS film by spin-coating the rGO solution at 500 rpm, followed by
heating at 60 °C for 30 min. Repeating the process for 10 times led to
increased thickness in the rGO film.

4.4. Fabrication of the dual-mode pressure sensors

The fabrication of the piezoelectric layer started with evaporating
the gold electrodes with a thickness of 150 nm on both sides of the
piezoelectric film by using an electron beam evaporator (DZS-500).
Attaching the copper wires to the upper and lower gold electrodes ob-
tained the sandwich-structured piezoelectric sensors. Next, the rGO was
spin-coated at 500 rpm on one side of the piezoelectric film with the
pyramid microstructure. The rGO film was connected to copper wires
with the silver paint (Structureprobe, Inc.). The piezoelectric layer and
piezoresistive layer were then assembled layer by layer to form a dual-
mode sensor with the pyramid interlocked structure. Encapsulating
the entire dual-mode pressure sensor with two PDMS films on both sides
completed the fabrication of the device.

4.5. Measurements of the sensing performance of the sensors

The piezoresistive and piezoelectric signals of the sensors induced by
pressure were measured by using a semiconductor parameter analyzer
(4200-SCS, Keithley) and piezoelectric data acquisition system (KSI),
respectively (Fig. S14, Supporting Information). The low-frequency
compression and bending tests were carried out using a mechanical
testing system (INSTRON LEGEND2345). The high-frequency loading
was applied by driving an exciter (KSI-758MS20) on the sensor that was
positioned under a cylindrical probe (KSI-758STNG3.25). The excitation
signal was amplified by a power amplifier (KSI-758PA100) to drive the
exciter. The magnitude of the force input to the sensor was measured by
a calibrated piezoelectric force transducer (KSI-208) with a sensitivity of
4 pC/N. The output from the force transducer was passed through a
charge amplifier (KSI-608A100) before being recorded by a high-
precision network data analyzer (KSI-8904 N).
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