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ABSTRACT

Flexible piezoresisitve pressure sensors obtain global research interest owing to their potential

applications in healthcare, human-robotic interaction, and artificial nerves. However, an

additional power supply is usually required to drive the sensors, which results in increased
complexity of the pressure sensing system. Despite the great efforts in pursuing self-powered
pressure sensors, most of the self-powered devices can merely detect the dynamic pressure

and the reliable static pressure detection is still challenging. With the help of redox-induced
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electricity, a bio-inspired graphite/polydimethylsiloxane piezoresistive composite film acting
both as the cathode and pressure sensing layer, a neoteric electronic skin sensor is presented
here to detect not only the dynamic forces but also the static forces without external power
supply. Additionally, the sensor exhibits a fascinating pressure sensitivity of ~10° kPa* over a
broad sensing range from 0.02 to 30 kPa. Benefiting from the advanced performance of the
device, various potential applications including arterial pulse monitoring, human motion
detecting, and Morse code generation are successfully demonstrated. This new strategy could

pave a way for the development of next-generation self-powered wearable devices.



INTRODUCTION

Wearable and flexible electronics, especially the self-powered sensors, are attracting
unprecedented research interest due to their potential application in wearables. Among them,
pressure sensors have potential applications in health monitoring,’® human-machine
interaction,'-14 prosthetics,'>! and bio-inspired artificial nerves.!’'® Based on various
sensing mechanisms, different types of prevalent pressure sensing devices: capacitive,!%2
piezoresistive,?42" piezoelectric,?®-20 and triboelectric sensors3'-4! have been reported. Pressure
sensors based on capacitive and piezoresistive structures can detect both dynamic and static
pressures, however, a power supply is essential for these sensors.*?#¢ On the other hand,
piezoelectric and triboelectric sensors can be self-powered in measuring dynamic pressures
but reliable static pressure detection is of great challenge.*”“® Therefore, it is still challenging
to achieve self-powered pressure sensors for reliable detection of dynamic and static pressure

simultaneously.

Generally, piezoresistive pressure sensors have attracted much more attentions than the other
types due to the easier fabrication procedures and less stringent electrical configurations.
Currently, tremendous efforts have been paid by the researchers in pursuing a high sensitivity
and/or a broad pressure sensing range for piezoresistive pressure sensors but little attention
has been paid in achieving self-powered piezoresistive devices.31124° Recently, He et al.
reported a flexible pressure sensor device with a high sensitivity of 1875.53 kPa! over a
broad detection range of 0-40 kPa by developing an innovative material construction strategy
to obtain a self-assembled graphene active layer, in which the thickness and conductivity of
the sensing film could be well balanced.>® However, despite the fascinating achievement in
pressure sensitivity and sensing range, the fabrication procedure of the tactile sensor is
complicated and a power supply is required. Pyo and co-workers demonstrated a tactile sensor
based on hierarchically structured fabric with multi-layers by developing a simple and

inexpensive fabrication strategy. The sensor exhibited excellent device properties including a

3



sensitivity of 26.13 kPa™?, a wide pressure range of 0.2-982 kPa, and a fast response as well.1
Although cost-effective fabric was used to obtain tactile sensors with intriguing sensitivity
over broad pressure sensing range for dynamic and static pressure detection, an additional
power supply is required to drive the sensor. It is not energy-efficient and may increase the
complexity of the pressure sensing system as well. For the ideal future flexible pressure
sensors with self-powered capability are highly desired. Recently, nanogenerators, converting
the mechanical energy into electrical power via a coupling of triboelectrification and
electrostatic induction, have attracted extensive attentions for their potential applications in
self-powered sensors and electronic systems.3%3441 Although the triboelectric nanogenerators
can detect the static pressure by measuring output voltage theoretically, undesired signal
decay usually occurs.*”8 Therefore, nanogenerators are mostly used to detect the dynamic
pressure instead of the static pressure. However, reliable static pressure detection is crucial for
various potential applications such as planar foot pressure distribution mapping, health
monitoring, electronic skin (e-skin), etc. Therefore, issues such as power supply and
measurement of both static and dynamic pressures become more problematic for wearable
pressure sensors. Considering the current existing issues, it is in urgent demand on developing
self-powered pressure sensors with high sensitivity for reliable detection of both static and

dynamic stimuli.

Here, we demonstrate a novel self-powered electronic skin sensor to solve the issues
mentioned above. To obtain the stable and durable power supply, a self-powered
piezoresistive pressure sensor is designed based on the redox reaction-induced electricity
between the Al electrode and graphite/PDMS composite (GPC) electrode with the electrolyte
participating. It has been demonstrated that bio-inspired design is an effective strategy for the
enhancement of sensitivity and detection range for skin sensors. Park et al. developed the
fingerprint inspired patterns and interlocking microstructures in ferroelectric film to enhance

the piezoelectric, pyroelectric, and piezoresistive sensing in temperature and pressure.5!



Mimicking the hierarchical structures of natural plants, bio-inspired TENGs as self-powered
e-skin sensors were reported by Yao et al. for tactile sensing.*® Meanwhile, motivated by the
microstructures underlying the epidermis, the bio-inspired graphite/PDMS sensing films are
laminated face-to-face mimicking the receptors under the epidermis to sense the external
pressures which can deform the microstructures of the composite films and thereby changing
the current output of the pressure sensors. This strategy endows the novel self-powered
electronic skin sensor with the ability to detect not only the dynamic forces but also the static
ones. Based on the redox-induced electricity and the double-layer structured composite
geometry, the sensors show remarkable device properties including an ultrahigh sensitivity
(~10% kPa') and a wide detection range (0.02-30 kPa). Noteworthily, to our best of
knowledge, it has been rarely reported that redox-induced electricity based self-powered
pressure/tactile sensors achieve a high sensitivity for both static and dynamic pressure
detection simultaneously. Additionally, the device exhibits fast response/relaxation speed,
outstanding durability, and excellent detection resolution as well. Benefiting from the
excellent pressure-sensing performance, our sensors are not only applicable to healthcare
monitoring, human motion detection, communications, and e-skin, but also present a new

insight into the development of high-performance self-powered flexible electronics as well.
EXPERIMENTAL SECTION

Materials. Graphite powder was purchased from Beijing Jinlong Tetan Technology Co., Ltd.
PDMS base agent and crosslinker were obtained from DOW. Sodium chloride (NaCl, 99%)
was bought from Sigma Aldrich. Polyethylene terephthalate (PET) substrates, PET substrates
coated with indium tin odxide (ITO, 100 nm), copper wires and 3M double side tape were all
purchased from South China Science and Technology Co., Ltd. Sandpapers were bought from

market. All the chemicals were used as received without further purification.

Fabrication of the bio-inspired composite films. The piezoresistive composite films with

hierarchical structures were prepared as following. Firstly, the graphite powder was added
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into the PDMS prepolymer followed by vigorous stir to obtain the graphite/PDMS ink. The
graphite mass percentage in the prepared composite ink varied from 10 wt% to 60 wt% with
an interval of 10 wt%. For the PDMS prepolymer, the mass ratio between the base and the
crosslinker is 10:1. Secondly, the composite ink was brushed onto the surface of the
sandpaper which was fixed to the platform of a roller printer by using Pl tapes and a piece of
PET or ITO/PET sheet was then covered on top. Graphite/PDMS composite films with
different surface microstructures were prepared using sandpaper with different roughness
(#80, #120, and #220). After that, the composite ink was uniformly spread between the
sandpaper and the PET or ITO/PET substrates after the roller bar moved from one side of the
substrate to the other side. The thickness of piezoresistive films could be controlled by
inserting spacers between the template and PET or ITO/PET substrate. Subsquently, the
composite ink films together with the template and PET or ITO/PET substrates were
sandwiched between two steel plates followed by curing at 100 °C for 1 h. Finally,
hierarchically microstructured piezoresistive composite films were obtained after the removal
of sandpaper template. The fabrication procedure of planar graphite/PDMS composite film is
similar with that of the microstructured film except that the sandpaper template is replaced by

a PET substrate.

Preparation of PDMS spacers. Firstly, PDMS prepolymer was prepared by mixing PDMS
base agent and related crosslinker at a weight ratio of 10:1 followed by mechanically stirred
for 10 min to get uniform mixture. Afterwards, the air bubbles in the mixture were removed
by placing the PDMS prepolymer in a vacuum oven under a low pressure. Next, the
preparation process of the PDMS films was similar with that of the piezoresistive composite
films using the bar-assisted printing method. The PDMS films were fabricated between two
pieces of PET substrates instead of the sandpaper and ITO/PET. After thermally annealled at
100 °C for 1 h, the PDMS film solidified and was then cut into 2 cm x 2 cm squares with a 1.5

cm x 1.5 cm open square in the middle using a doctor blade.



Preparation of the NaCl electrolyte solution. Proper amount of NaCl powder was added
into deionized water (DI-water) to obtain the electrolyte solution with a concentration of 5

wit%.

Fabrication of the self-powered skin sensor and 4 x 4 sensor arrays. Firstly, the Al tape
was cut into rectangle shapes (2 cm x 2.5 cm) followed by attached to the PET substrate.
Then, the PDMS spacer was laminated on top of the Al electrode and the PDMS prepolymer
was used to seal the possible gap between the Al electrode and the spacer to avoid the
electrolyte solution leakage. The PDMS prepolymer solidified after thermally treated at 100
°C for 1 h to ensure a rigid attachment between Al electrode and the spacer. Next, proper
amount of NaCl electrolyte solution was filled in the open square by using a dropper. After
that, the piezoresistive composite film (the microstructured side opposite the electrolyte
solution) was covered on top of the spacer with PDMS prepolymer in between and the
prepolymer solidified at room temperature after 12 h. Subsequently, another microstructured
graphite/PDMS composite film on a ITO/PET substrate was cut into rectangle shapes (2 cm x
2.5 cm for the ITO/PET, and 2 cm x 2 cm for the composite film) and assembled to the
pressure sensor using the 3M double side tape with the microstructured surface facing the
bottom composite film. Finally, copper wires were connected to the Al and ITO electrodes for
external connections. The pressure sensing arrays were constructed based on the conventional
crossbar configuration, which was composed of 16 sensing units. The fabrication procedure
for every sensing unit of the pressure sensor arrays was the same as that of the single pressure

sensor device.

Characterization and measurement. The microstructures and morphology of the
graphite/PDMS piezoresistive composite films and sandpaper template were investigated by
using scanning electron microscope (SEM, JEOL, JSM-6490). The surface roughness of the
microstructured piezoresistive film was characterized using a 3D Surface Profiler (Wyko

NT9300). The electricial signals of the self-powered pressure sensor and pressure sensor
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arrays were measured using Keithley 2612A. The mechanical tests were performed by using a
mechanized vertical test stand (Mark 10 ESM 303) in combination with a force gauge (Mark

10 M5-12).

RESULTS AND DISCUSSION

Fabrication of the self-powered electronic skin sensor

Detailed device fabrication procedures of the electronic skin sensors are shown in Figure S1
(Supporting Information). The first step towards assembling the skin sensors is the fabrication
of the bio-inspired composite films. As depicted in Figure Sla, the microstructured composite
film is prepared by a bar-assisted printing process. After that, the PET substrate, Al electrode,
and PDMS spacer were assembled layer by layer as shown in Figure Slb. After NaCl
electrolyte solution was filled into the well of the spacer, the bio-inspired composite film as
cathode was covered on top with the microstructured surface opposite the electrolyte solution
and sealed with PDMS prepolymer. Another piece of composite film on ITO/PET substrate
was then laminated on top with the microstructured side facing the bottom composite film and
double side tape was inserted between these two composite layers near the edges, where the
double side tape can laminate these two layers together and works as a spacer to minimize the
initial contact between these two piezoresistive composite films. It should be noticed that the
piezoresistive film conductivity could be well controlled by adjusting the graphite filler mass
ratio in the composite inks. The sensitivity of the redox-induced electricity powered skin
sensors based on the bio-inspired GPC films with varied graphite ratios is shown in Figure S2.
A very low sensitivity of the sensor is obtained when the graphite concentration is less than
20 wt%, which may be due to the intrinsic poor conductivity of the piezoresistive composite
films with low graphite concentrations. After the graphite concentration is up to 30 wt%, the
pressure sensitivity of the sensors increases obviously with the increased graphite
concentration. Although the sensors based on 50 wt% and 60 wt% composite films show

higher pressure sensitivity, the viscosities of 50 wt% and 60 wt% composite inks increase a
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lot, which is not suitable for the future mass production. With the tradeoff between the
sensitivity of the skin sensors and fabrication feasibility of the piezoresistive composites,
composite films with 40 wt% graphite concentration are selected for sensors in this work
unless otherwise specified. As shown in the schematic diagram of biological skin (Figure 1a),
the surface of the dermis is composed of various microstructures and many receptors
distribute in the dermis, which can detect the external stimuli. Inspired by the structure and
function of biological skin, a redox-induced electricity powered electronic skin sensor is
developed as depicted in Figure 1b. The hierarchically microstructured surface enables the
sandpaper to be an excellent candidate template for preparing bio-inspired microstructures.
Sandpaper is employed as template in this work to obtain the microstructured piezoresistive
composite films. The surface microstructures of the sandpaper template and the prepared
composite film were characterized with a scanning electron microscope (SEM), respectively.
As depicted in Figure 1c, the sandpaper template shows a rough surface and ridged
microstructures, mimicking the microstructures of human epidermis. As observed in Figure
1d, the piezoresistive composite film could well duplicate the microstructures from the
template and reserving the rough surface, proving a feasible way to obtain bio-inspired
hierarchical microstructures. Additionally, the surface 3D profile of the composite film was
characterized as shown in Figure le, further demonstrating the relatively rough and

hierarchically structured surface of the composite film.
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Figure 1. (a) and (b) Schematic diagrams of biological skin and bio-inspired electronic skin,
respectively. (¢) SEM image of sandpaper template and (d) SEM image of the bio-inspired
composite film. (e) Surface height in 3D image of bio-inspired composite film and the cross-
sectional heights measured along the lines (ab and cd) as depicted in the 3D image.

Transduction mechanism of the self-powered electronic skin sensor

The redox-induced electricity powered electronic skin sensors are constructed according to
the following transduction mechanism. The mechanism of generating electricity is based on
the electrochemical principles that electrons and holes could be induced spontaneously at the

surface of graphite and aluminum electrodes because of their differences in chemical potential
10



with the electrolyte participating.?> When the anode and cathode are externally connected,
reduction reaction occurs at the interface between the graphite/PDMS film and the electrolyte,

where the oxygen molecules dissolved in the aqueous electrolyte could capture electrons and

then turn into hydroxyl ions (302 + 6H20 + 12e —120H"). Oxidation reaction takes place at

the interface of aluminum and electrolyte, and the Al atoms lose electrons followed by turning

into aluminum hydroxide (4Al — 12e + 120H~ — 4AI(OH)z3). The open-circuit voltage in this

sensing system is only determined by the redox potential of anode and cathode electrodes,
which means the battery part can supply a constant open-circuit voltage. According to Ohm’s
law, the output current in the circuit can be changed by changing the loading resistance.
Therefore, the external pressure can be evaluated by the output current. As shown in Figure
2a, without external pressure, these two piezoresistive composite layers are partially contacted
and result in a high loading resistance, which obstructs the electrochemical redox reaction and
in turn a low current. The applied external pressure can compress the surface microstructures
of the piezoresistive composite films, resulting in a reduced loaded resistance, which boosts
up the redox reaction and results in an enhanced output current. Meanwhile, Na* and CI- ions
in the electrolyte solution move towards the cathode and anode, respectively. Self-powered
pressure sensors based on three types of graphite/PDMS composite films developed by
sandpapers with different roughness (#80, #120, and #220) were fabricated. The relative
current change to applied pressure of these three types of pressure sensor were investigated as
shown in Figure S3. The devices developed from the #80, # 120, and #220 sandpapers are
denoted as “Sensor A”, “Sensor B”, and “Sensor C”, respectively. Sensor B shows the higher
sensitivity compared with Sensor A and C. As depicted in Figure S3, the micro-humps with
smaller feature size (#220) lead to a lower sensitivity due to limited variation of contact area

and extra conductive paths when the device is under external pressure. For Sensor A, the
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Figure 2. Schematic diagrams showing the sensing mechanism of the self-powered skin
sensors (a) without external pressure and (b) with external pressure. (¢) Current responses of
the self-powered skin sensor to dynamic-cyclic pressure ~20 kPa and (d) the connection is
reversed. (e) Current responses to static-cyclic pressure~20 kPa and (f) the relevant applied
static pressure measured by force gauge.

variation in the height of the microhumps is large so that the formation of extra conductive
paths may require a higher pressure and results in decreased device sensitivity. In this work,
all the characterizations are for #120 sandpaper developed composite film based self-powered
pressure sensors and arrays unless with special remarks. Figure 2c-f shows the electrical
performance of the sensor in detecting both dynamic and static pressures. For the dynamic

measurement as depicted in Figure 2c and d, the pressure sensor shows an output current of
12



22 YA under a pressure of 20 kPa. When the connections of the sensor to our measurement
equipment are reversed, the direction of the current is just reversed but the current values keep
almost the same. Significantly, the electronic skin sensors show excellent performance in
reliable detection of static pressures as shown in Figure 2e and f, which is rarely reported for
the self-powered pressure sensors. As noticed in Figure 2e, the sensor shows a high output
current when a constant pressure is applied to the sensor as shown in Figure 2f and vice versa.
The above results demonstrate that our self-powered skin sensors show high performance in
detecting both dynamic and static pressures. A comparing schematic diagram showing the
advances of our self-powered skin sensor to the typical nanogenerators is exhibited in Figure
S3 (Supporting Information). For the static pressure detection by output current measurement,
the typical nanogenerators can not reveal the period of the applied static pressure as depicted
in Figure S4a, which obstructs their application in spatial pressure distribution mapping.
However, due to the difference in sensing mechanism of our self-powered skin sensor to the
typical nanogenerators, the static pressure applied on the device can be well detected as
shown in Figure S4b. Additionally, the output voltage of the self-powered skin sensors was
characterized as shown in Figure S5 (Supporting Information). The device provides a constant
output voltage regardless of the applied pressure. This is because the power supply for our
sensor is based on the redox-induced electricity and the output voltage is only determined by
the redox potential of anode and cathode electrodes, which has been widely discussed in
battery devices.>*% Furthermore, the electricity source without the upper graphite/PDMS
sensing film was fabricated. The short-circuit current (Isc) and open-circuit voltage (Voc) of
the electricity source are measured as shown in Figure S6, demonstrating a Isc and Voc of 93
MA and 0.92 V, respectively. Besides, the output current of the sensor is continuously
measured for about 5 hours with applying a constant pressure of 30 kPa to check its current
stability as depicted in Figure S7 (Supporting Information). It is observed that there is no
obvious current recession in the testing process, which is attributed to the relatively slow rate

of redox reaction in the electrode because of the high resistance of the composite films.
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Furthermore, the collected current output of the sensor up to 60 days is shown in Figure S8
(Supporting Information) and about 10.7% current decay was observed after 60 days. Because
the consumption of the aluminum electrode may influence the lifetime of the redox
couple/chemical energy, we thus checked the aluminum electrode consumption after 60 days
and the consumption is about 16.2%, which demonstrates the redox reaction in our sensor is
with a slow process. The life time and sensing performance of our sensor can satisfy most of
the wearable applications in health monitoring etc. Additionally, the static output current of
the pressure sensor is less than 1 nA when no additional pressure is applied to the device, so
the redox-induced electricity powered sensors are expected to work with a much longer

lifetime.

Characterization of the self-powered electronic skin sensor
Based on the transduction mechanism, different pressures are applied to the device to explore
its sensitivity in sensing pressures. The sensitivity (S) of the self-powered skin sensors can be

defined as S=35(Al/1,)/ 6P, where Al, lo, and P denote the change in current, initial current,

and applied pressure, respectively. The relative current change as a function of static pressure
is depicted in Figure 3a and the sensitivity corresponds to the slope of the curve. We observe
that the relative current change increases with the external pressures, which should be
ascribed to the more close contact between these two piezoresistive composite films under
larger external pressures. The sensitivities are estimated as 4.2x10% and 1.1x103 kPa! for the
sensing range of 0-4 and 4-30 kPa, respectively. The higher sensitivity in the relative low
detection range of 0-4 kPa is possible as a result of the increased conductive pathways with
the external pressure, which induces an obvious current change. It is noticed that the
sensitivity decreases a little when the pressure is beyond 4 kPa, which is because the number
of the conductive pathways are almost saturated in the high sensing range and the pressure
sensitivity should be mainly ascribed to the increased contact area between these two

piezoresistive composite films. Additionally, current response of the self-powered skin sensor

14



to dynamic pressures was also characterized as shown in Figure S9, indicating the similar
sensitivity and linear sensing range as the static measurement. It should be noticed that the
sensitivity of our self-powered skin sensor is greatly improved compared with previously
reported piezoresistive pressure sensors,155-58 which may be attributed to the employment of
the double side tape as the spacer when assembling the device. The employment of spacers
between the composite films enables the reduction of conductive pathways when there is no
external pressure loaded on the sensor device, which can minimize the static power

consumption and boost up the pressure sensitivity simultaneously.
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Figure 3. Pressure sensing characteristics of the self-powered pressure sensors based on
redox-induced electricity. (a) The relative change of current to different pressures. (b) The
current responses to different cyclic pressures. (c) Current responses of pressure sensor in the
process of loading/unloading a pressure of 20 kPa. (d) Enlarged view of the curves in ¢
showing the response and relaxation time. (e) The durability of the self-powered pressure
sensors to cyclic pressures over 4000 cycles. The insets show the enlarged view of the current
responses at the beginning and in the end of the test.

The pressure related measurements of the self-powered skin sensors were performed in detail.
First, cyclic current response to various dynamic pressures (2, 5, 10, 20, and 30 kPa) was
measured as presented in Figure 3b. The result shows that the output current increases with
enlarging the applied pressure and the sensor could efficiently distinguish different dynamic
pressures by the current difference in altitudes. A larger loading pressure induces a more close
contact between these two piezoresistive composite layers, leading to a larger output current.
Limit of detection (LOD), the minimum pressure that the sensor can detect, is a key parameter
to assess the sensing performance of the sensor. As shown in Figure S10 (Supporting
Information), in order to define the LOD of our self-powered skin sensor, a piece of plant leaf
(20 mg) was loaded/unloaded onto the device to check its current response. The inset in
Figure S10 is the photograph of a plant leaf on top of the sensor. Interestingly, our redox-
induced electricity based skin sensor could effectively distinguish the subtle pressure changes
generated in the process of loading and unloading the plant leaf. The effective contact area is
around 1 cm?, indicating a LOD around 20 Pa, which is comparable to the previously reported
pressure sensors.?>% For pressure sensors, response speed to external pressures is another
crucial parameter evaluating the sensing performance. As shown in Figure 3c, to investigate
the response and relaxation speed, the sensor was characterized by loading/unloading a
pressure of 20 kPa. Remarkably, the response and relaxation time of the self-powered sensor
is extracted from Figure 3d as 8 and 20 ms, respectively, which is faster than that of biological
skin (~50 ms),®® demonstrating the great potential of our self-powered sensor for the next-

generation e-skin. Furthermore, as depicted in Figure 3e, the long-term durability more than
16



4000 cycles was performed by loading/unloading a constant pressure of 20 kPa. No obvious
recession is perceived at the the end of the test and the fluctuation in current altitude is less
than 5 percent during the entire testing process. An enlarged view of the output current curves
picked at the beginning and end of the testing process is shown in the inset of Figure 3e, of
which almost identical current amplitude was well maintained for all the loading/unloading
cycles, further demonstrating the intriguing potential of our sensor for next-generation
flexible electronics. Beside the duability, ambient stability of the skin sensor is also a crucial
factor influencing the practical applications. To investigate the ambient stability of the sensors,
the deivces were stored in the ambient condition (H~80%, T~25 °C) for 6 months and the
durability of the pressure sensor to cyclic external pressures was characterized afterwards. As
shown in Figure S11 (Supporting Information), we observe that the pressure sensor sustains a
stable output current after stored in the ambient condition for such long time, which further
demonstrates the potential applications of our self-powered skin sensors for future wearable

and portable electronics.

Applications of the self-powered electronic skin sensor

Pressure sensors have been demonstrated the great potential application in real-time
monitoring the human wrist pulses.>® A self-powered pressure sensor is much more appealing
than those requiring an external power supply, which enables the pressure sensing system to
be more compact, smart, and environmentally friendly. Human arterial pulse is a key indicator
which can monitor the health condition of the cardiovascular system to prevent
angiocardiopathy. As a result of the high sensitivity as well as the fast response speed, our
self-powered pressure sensors have been demonstrated the potential application in health
monitoring by detecting the wrist pulses as shown in Figure 4a and b. The photograph of the
pressure sensor affixed onto the arterial wrist of a volunteer is exhibited in the inset of Figure
4b. 1t is observed from Figure 4a that high-resolution signal-to-noise waveform of the wrist

pulses is obtained by our self-powered pressure sensors. The counted heart beat rate is around
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72 beats per minute (bpm), indicating that the heart beat rate of the adult is in the normal
range of 60~100 bpm. Enlarged view of the wrist pulse waveform is shown in Figure 4b,
which illustrates that three typical peaks are clearly revealed by our sensor. The systolic
augmentation index (Al), defined as Al = (P1-P2)/P1, is used to diagnose arterial stiffness to
analyze the health condition of the cardiovascular system, which can be obtained from Figure

4h.% The result proves that our sensor has the great potential application in wearable and

portable health monitoring electronics.
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Figure 4. (a) Arterial wrist pulse detected by the self-powered pressure sensor. (b) The
enlarged view of the picked waveform from (a). The inset is the photograph of the pressure
sensor attached on a human wrist. (c) The current responses of the pressure sensor to different
bending states of human wrist. The insets are the photographs showing the bending states of
human wrist. (d) The application of the sensor in generating Morse code “SENSOR”.

As another application illustration, the self-powered pressure sensor was affixed onto the
wrist of a volunteer to monitor the bending of the wrist. As depicted in Figure 4c, a stretched

state of the wrist (the left inset in Figure 4c) corresponds to a small current of the sensor,
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which is because of the very few conductive pathways between these two piezoresistive
composite films are formed in this state. An obviously enhanced current is obtained when the
wrist is in bending state (the right inset of Figure 4c). This is attributed to the increased
conductive pathways and the enlarged contacting area when the wrist is bended. The above
results prove that our electronic skin sensors have the great potential in detecting human body

motions.

The Morse code has been used for decades in communication, which is one of the fastest
ways to transmit messages over a long distance in the late 1800s. For international Morse
codes, different combinations of dashes or dots represent different alphabets. Thanks to its
ability in detecting both dynamic and static pressures, our skin sensor is an excellent
candidate for Morse code generation and transmission. Here, according to the period of the
pressure applied onto the sensors, output current with a sharp or flat peak was generated and
transmitted in this process. A sharp output current peak corresponds to a dot while a flat
output current represents a dash. The Morse codes “SENSOR” were generated and
transmitted based on the mechanism discussed above. An encoding process was performed by
pressing the self-powered pressure sensor with different periods of pressing and a decoding
process was carried out by collecting the current signals as depicted in Figure 4d. The above
results demonstrate that our self-powered pressure sensor has the potentials as a Morse code
generator, indicating the possibility of our device to be developed into real products for

applications in communication systems.

Spatial pressure distribution mapping

On the basis of the redox-induced electricity powered individual sensor, a 4 x 4 self-powered
pressure sensor array was fabricated to demonstrate its application in mapping the spatial
pressure distribution. As far as we concerned, it is also the first demonstration of the redox-
induced electricity based pressure sensor arrays for detecting the spatial pressure distribution.

The detailed fabrication process of the pressure sensor arrays is described in the experimental
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section. As a demonstration of concept, different objects were placed on top of the pressure
sensor arrays and the current responses of the pressure sensing cells were measured
accordingly. When four weights (5, 10, 20, and 20g) were randomly placed on top of the
sensing cells as shown in the schematic diagram in Figure 5a (the photograph is shown in
Figure S12a, Supporting Information), the pressure distribution could be well detected and
similar maps in current are correspondingly shown in Figure 5c. Furthermore, as presented in
Figure 5b and S12b, when a glass ring (28.6 g) was put on top of the sensing cells, the shape
of the ring was well revealed by the current mapping as shown in Figure 5d. The pressure
distribution detected by the self-powered pressure sensor arrays can be applied to monitor the
planar feet pressure distribution, prosthetics, and mapping the shape of the objects, etc. The
detection resolution and accuracy are expected to be further improved by minimizing the area

of the sensing unit.

 ,
B,
I,
Figure 5. Self-powered pressure sensor arrays in mapping the spatial pressure distribution.
Schematics of the pressure sensor arrays with (a) 4 weights (5, 10, 20, and 20 g) and (b) a

glass ring (28.6 g) on top. (c) and (d) The corresponding current maps for (a) and (b),
respectively.
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CONCLUSIONS

In summary, a feasible strategy is presented to develop the self-powered and bio-inspired
electronic skin sensors. The self-powered devices exhibit a high performance in sensing both
dynamic and static pressures, including an ultrahigh sensitivity of 4.2x10° kPa*, a LOD of 20
Pa, a fast response speed of 8 ms, and excellent durability over 4000 cycles. Remarkably, as a
result of the ultrahigh sensitivity and fast response speed, the redox-induced electricity
powered skin sensors have been demonstrated the ability to obtain high resolution signal-to-
noise wrist pulse waveforms in real time. Additionally, their applications in monitoring
human body motions and generating Morse code for communication have been proved.
Furthermore, the self-powered pressure sensor arrays are capable to map the spatial pressure
distribution, demonstrating the potential application for e-skin and prosthetics. Moreover, no
sophisticated equipment or costly materials are involved in the process of fabricating the
flexible self-powered skin sensors or arrays, which fulfills the requirement for next-generation
low-cost wearable electronics. In this work, we not only develop a novel self-powered
electronic skin sensor, but also propose a new strategy to achieve the self-powered flexible

electronics.
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