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Highly sensitive active-powering pressure sensor enabled by
integration of double-rough surface hydrogel and flexible

batteries
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A conductive, elastic, and biocompatible hybrid network hydrogel was prepared by cross-linking of locust bean gum, polyvinyl
alcohol, and carbon nanotubes, yielding a rough top surface and smooth bottom surface. The merging of the two pieces of
hydrogel flat face to flat face forms a highly elastic hydrogel with double-rough surfaces. A piezoresistive sensor assembled with the
double-rough surface hydrogel sandwiched between two carbon cloth electrodes exhibits a high sensitivity (20.5 kPa-1, 0-1kPa), a
broad detection range (0.1-100 kPa) and a reliable response for 1000 cycles. The rough contact area between the hydrogels and the
carbon cloth is found critical in achieving ultra-high sensitivities in the low-pressure range. Moreover, further monolithic integration
of the sensor with a flexible solid-state zinc ion battery ensures the self-powering of the sensor for various human motions

detection applications.
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INTRODUCTION

Wearable and flexible pressure sensors could be attached to the
clothing or the skin to monitor external pressure, motion signals,
or physiological signals under continuous working conditions'™.
Therefore, wearable pressure sensors are important for muscle
motion analysis, sign language translation, breath monitoring,
flexible electronic skins, and speech recognition applications®2,
There are four types of wearable sensors with different sensing
mechanisms: i) piezo capacitance®?, ii) triboelectricity®, iii) piezo-
resistivity'®'?, and iv) piezoelectricity'®. Among these, wearable
piezoresistive pressure sensors offer advantages of low cost, easy
signal collection, and low power consumption, among other
interesting characteristics'?.

The application prospects of wearable piezoresistive sensors are
affected by the material selection, structure design of the sensing
active layer, the improvement of device performance (such as
sensitivity and detection range), and the technology of reduced
reliance on the external power source. Since wearable piezoresistive
sensors are directly or indirectly in contact with the skin, selecting
skin-friendly materials with high safety and biocompatibility as the
sensing active layer is important. Hydrogels are a class of
multifunctional complex polymeric materials with an obvious
physically and/or chemically cross-linked 3D network structure and
abundant water content'®. Thus, hydrogels can be attached to any
surface, such as our skin'. In general, hydrogels based on natural
polymers like guar gum, sodium alginate, and chitosan show high
biocompatibility, biodegradability, and good mechanical properties.
These features made them useful in the fields of biomedical
engineering'®, food'®, and energy storage devices'’~'°, providing a
breakthrough for the safety of wearable electronics. Besides, the
deformation of the internal 3D skeleton of hydrogels by the external
force leads to variations in the electron conduction path, which is
key to improving the sensing effect. However, despite the efforts

and attempts made in preparing elastic natural polymer-based
hydrogels with high compressive elasticity and promoting the
application of wearable pressure sensors?®?!, there are still many
challenges that remain to be addressed. For instance, hydrogel-
based piezoresistive sensors have unsatisfactory sensitivity. A typical
way to improve sensitivity is to construct 3D microstructures on the
surface of the sensing active layer by template method. Hence,
numerous micro-structures, such as microwaves®?, micro-pyramids>,
microspheres®®, and micro-cylinders®® have been explored. The
number of electrical contacts can be significantly changed by
the amount of applied mechanical pressure to effectively change the
resistivity between the electrodes and the sensing active layer,
thereby enhancing the sensitivity of the wearable piezoresistive
sensors. However, the complexity of the microstructure limits the
preparation under various experimental conditions. As a result,
manufacturing high-sensitivity wearable piezoresistive sensors that
are easy to operate remains very challenging.

Wearable piezoresistive sensors also strongly depend on the
power supply. However, operating devices via external power supply
in wearable technologies is difficult. Therefore, developing and
combining wearable electronics with flexible energy devices for
eliminating the need for an external rigid power supply is highly
desirable. Accordingly, several research attempts have been made to
integrate piezoresistive sensors with wearable energy storage
devices®®28, Examples include active-powering pressure sensing
fabric devices integrating zinc-air batteries with fabric-based sensing
substrates?’, and all-in-one sensing patches integrated with piezo-
resistive sensors and micro-supercapacitors®®. Among various energy
storage devices, solid-state zinc-ion batteries (ZIBs) are promising
devices due to their environmentally friendly composition, high
safety, low cost, high output voltage, and abundance of Zn'®'°,
Consequently, developing highly sensitive and wearable active-
powering sensors integrated with solid-state ZIBs to continuously
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monitor the body motions and physiological signals using simple
fabrication routes is important for wearable sensors.

Herein, an elastic natural polymer-based hydrogel was
constructed by utilizing locust bean gum (LBG), a natural
biopolymer widely used in food, biopharmaceuticals, paper,
and cosmetics'®. The hydrogels were prepared by blending
polyvinyl alcohol (PVA), LBG, and carbon nanotubes (CNTs)
through a freezing method and yield a platform with a rough top
surface and smooth bottom surface. The co-existence of LBG and
PVA, as well as the reinforcing effect of CNTs in the polymer, led
to composite hydrogels (LBG/PVA/CNTs) with superior compre-
hensive mechanical performances. Hydrogels with double rough
surfaces (LBG/PVA/CNTs-DR) were also prepared by coupling two
original hydrogels flat face to the flat face. The piezoresistive
sensors composed of LBG/PVA/CNTs-DR hydrogels sandwiched
between two carbon cloths exhibited a high sensitivity of 20.5
kPa~' under 0-1kPa, a broad detection range of 0.1-100 kPa, and
good reproducibility for at least 1000 cycles. The high sensitivity
of the LBG/PVA/CNTs-DR hydrogels-based piezoresistive sensor
in the low-pressure range was ascribed to the huge change in
the contact area between the hydrogels and the carbon cloth
under loaded external pressure. Moreover, an active-powering
pressure-sensing device, integrating a solid-state ZIB with the
LBG/PVA/CNTs-DR hydrogels-based piezoresistive sensor into
one flexible device architecture was introduced, offering a
reliable, continuous body motion monitoring, and speaking
signals monitoring. In sum, a low-cost and facile craft route for
the fabrication of skin-friendly, high-safety, high-sensitivity, and
wearable active-powering piezoresistive sensors was provided,
useful for future applications.

RESULTS AND DISCUSSION

Fabrication and characterization of LBG/PVA/CNTs hydrogels
In this work, PVA, LBG, and CNTs were employed to fabricate
composite hydrogels by freezing method, followed by peeling off
from the gel mold (Fig. 1a). The hydrogels benefited from the
distinctive individual and complementing characteristics of PVA,
CNTs, and LBG. The high mechanical strength and elasticity of
PVA made it a useful primary polymer network. The LBG and PVA
molecules containing large numbers of hydrogen bonds directly
formed intra- and inter-hydrogen bonds (Fig. 1b). The hydrogen
bonds between LBG and PVA further enhanced the mechanical
strength of the network structure. CNTs were essential for
constructing a conductive 3D network. The surface morphologies
of the top surface and bottom surface of the hydrogels were
observed by scanning electron microscopy (SEM) and the results
are shown in Fig. 1c. The top surface of the LBG/PVA/CNTs
hydrogels revealed an irregular scaly-shaped structure, naturally
generated during hydrogel formation. By contrast, the bottom
surface of the LBG/PVA/CNTs hydrogels displayed a smooth and
flat structure, templated from a smooth surface of the petri dish
(Fig. 1d). The surface roughness of the top and bottom surface of
LBG/PVA/CNTSs hydrogels was further evaluated by laser scanning
confocal microscopy (Fig. 1e, f). The 2D view proved the top
surface to possess a larger surface undulation range (0-421 pm)
and average roughness (Ra=45.6 um) when compared to the
bottom surface (0-200 um, Ra=9.2 um). Figure 1g shows the
roughness of the top and bottom surfaces of the LBG/PVA/CNTs
hydrogels is reproducible. As shown in Fig. 1g, the average
roughness of the top surfaces is (45.6 um, 44.2 um, 50.1 um) of
three hydrogels sample are much higher than that of the bottom
surfaces (9.2 um, 4.8 um, 83 um). The mean and variance of
roughness of the top surfaces is 46.63um and 6.34pum,
respectively. The mean and variance of roughness of the bottom
surfaces is 743 um and 3.60 um, respectively. Moreover, the
roughness of the top surface of hydrogels is tunable by adjusting
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the LBG/PVA mass ratio and the freezing temperature. For
example, the top surface of the LBG/PVA/CNTs hydrogels with
LBG/PVA mass ratio of 1:2, 1:4 and 1:8 possess average roughness
of 18.4, 45.6 and 20.0 um, indicating the roughest top surface of
the hydrogel with an LBG/PVA mass ratio of 1:4, as shown in
Fig. Th. We further test the roughness of the top surface of LBG/
PVA/CNTs hydrogels with various freezing temperature (—10°C,
—20°C, —30°C). The top surface of hydrogels with various
freezing temperature (—10°C, —20°C, —30°C) possess average
roughness of 35.5, 45.6 and 29.1 ym, as shown in Supplementary
Fig. 1. Based on these experiments, it is found both LBG/PVA
mixing ratio and the freezing temperature can affect the top
surface roughness of the blended gel, while the former has higher
impact than the latter.

In order to evaluate the effect of LBG on the mechanical
performance of the hydrogels, the tensile and compressive tests
were performed for quantitative comparison of mechanical
performance of LBG/PVA/CNTs and PVA/CNTs hydrogels. As
shown in Supplementary Fig. 2a, the tensile strength of LBG-
PVA-CNTs increased to 0.3 MPa, while the fracture elongation rose
to 438%. By comparison, the PVA/CNTs hydrogel presented a
relatively low tensile strength of 0.08 MPa and large fracture
elongation of 266%. In addition, the compressive properties were
also highly promoted, as shown in Supplementary Fig. 2b. At
compressive strain of 80%, the compressive stress of LBG/PVA/
CNTs hydrogel reached as high as 0.12 MPa, a value of 1.7-fold
higher than that of PVA/CNTs hydrogels (0.07 MPa). Thus, the
introduction of LBG enhanced the mechanical strength of the
LBG/PVA/CNTs hydrogels, arising from the hydrogen bonds
between LBG and PVA. We also investigated the effect of different
LBG/PVA mass ratio on the compressive properties of the
hydrogels. The results in Supplementary Fig. 3 show that the
LBG/PVA/CNTs hydrogel with an LBG/PVA mass ratio of 1:4
exhibits the best compressive properties among these samples.

The co-existence of LBG and PVA, as well as the reinforcing
effect of CNTs in the polymer matrices induced LBG/PVA/CNTs
hydrogels with superior comprehensive mechanical performances.
In Supplementary Fig. 2c, the LBG/PVA/CNTs hydrogels were
twisted arbitrarily. The LBG/PVA/CNTs hydrogels also stretched
more than three times the initial length without breaking
(Supplementary Fig. 2d). In addition to high stretchability, the
hydrogels could bear up to 200g weight without breaking,
demonstrating LBG/PVA/CNTs hydrogels with good mechanical
strength (Supplementary Fig. 2e). Furthermore, the hydrogels
demonstrated superb compressive elasticity that can be com-
pressed without breaking and recover to the original shape after
releasing the compressive force (Supplementary Fig. 2f). Overall,
the LBG/PVA/CNTs hydrogels were suitable as sensing active
layers for flexible piezoresistive sensors.

Sensing performance of the sensors

To characterize and optimize the performances of the devices, the
piezoresistive sensors with the LBG/PVA/CNTs hydrogels sand-
wiched between two carbon cloth electrodes were fabricated.
Sensitivity (S) is an important parameter for evaluating the
performance of sensors, which can be calculated by the formula:

S=26((I—1lo)/lo)/5P,

where Iy and | are the initial currents without pressure loading and
the responsive current under loading, respectively, and P is the
value of pressure. Accordingly, low [/, and high |/ would be
beneficial for achieving high sensitivity for piezoresistive sensors.

To achieve a low Iy, hydrogels with double rough surfaces were
prepared by coupling two pieces of original hydrogels flat face to
flat face (Fig. 2a). This fashion would reduce the initial contact area
between the hydrogels and carbon cloth electrode. The optical
microscopy images in Supplementary Fig. 4 showed changes in
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Fabrication steps and morphology characterization. a Schematic illustration of the fabrication of LBG/PVA/CNTs hydrogel.

b Illustration of the LBG/PVA/CNTs hydrogel. SEM images of ¢ the top surface and d the bottom surface of LBG/PVA/CNTs hydrogels. 2D
profiles of e the top surface and f the bottom surface of LBG/PVA/CNTs hydrogels measured by a laser scanning confocal microscope. g The
average roughness of the top and bottom surface for LBG/PVA/CNTs hydrogels. h The average roughness of the top surface for LBG/PVA/CNTs

hydrogels with LBG/PVA mass ratio of 1:2, 1:4 and 1:8.

the gap between the two pieces of LBG/PVA/CNTs hydrogel after
coupling. After 48 h, no obvious gap was noticed between the flat
surfaces of the two pieces of the hydrogel. For comparison, the
hydrogels with double flat surfaces by coupling two pieces of
original hydrogels rough face to rough face (Fig. 2b), as well as
the original LBG/PVA/CNTs hydrogels with a single rough
surface (Fig. 2c) also acted as sensing active layers for piezo-
resistive sensors. Note that the LBG/PVA/CNTs hydrogels with
double rough surfaces, double flat surfaces, a single rough surface
and were denoted as LBG/PVA/CNTs-DR, LBG/PVA/CNTs-DF, LBG/
PVA/CNTs-SR hydrogels, respectively.

The influences of surface morphologies of hydrogels on the
performances of the resulting sensors were investigated. In
Fig. 2d, by plotting each applied pressure and current response
point by point, the change in the ratio of current as a function of
applied pressure was obtained. The sensor with LBG/PVA/CNTs-DR
hydrogel revealed the highest sensitivity among all the sensors.

Published in partnership with Nanjing Tech University

According to the linear fitting results, the sensitivities of the
sensor with LBG/PVA/CNTs-DR hydrogels can be divided into
three regions: low-pressure range (0.1-1 kPa, 20.5 kPa™'),
medium-pressure range (1-10 kPa, 2.28 kPa~'), and high-
pressure range (10-100 kPa, 0.24 kPa~'). However, though the
sensor with LBG/PVA/CNTs-SR hydrogels showed a good piezo-
resistive sensing response (0.4-4 kPa, 2.41 kPa~'; 4-10 kPa, 0.85
kPa~'; 10-100 kPa, 0.14 kPa™"), its sensitivities were less than
those of sensor with LBG/PVA/CNTs-DR hydrogels. According to
the calculations, the sensitivities of the sensor with LBG/PVA/
CNTs-DR hydrogels were 8.5-fold (0.4-1 kPa), 2.7-fold (4-10 kPa)
and 1.7-fold (10-100 kPa) higher than those of the sensor with
LBG/PVA/CNTs-SR hydrogels, respectively. The sensor with LBG/
PVA/CNTs-DF hydrogels showed the worst piezoresistive sensing
response (0.4-20 kPa, 0.0272 kPa~"; 20-50 kPa, 0.0176 kPa~'; 50-
100 kPa, 0.0084 kPa~'). Therefore, the sensor-based on LBG/
PVA/CNTs-DR hydrogel with a good linear range (0.1-100 kPa)
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Fig.2 Evaluation of the performance of the sensor. Schematic illustration of a LBG/PVA/CNTs-DR, b LBG/PVA/CNTs-DF and ¢ LBG/PVA/CNTs-
SR hydrogels. d The relative current changes for the sensors with LBG/PVA/CNTs-SR, LBG/PVA/CNTs-DF and LBG/PVA/CNTs-DR hydrogels; the
slope of the curve represents sensitivity. e The |-t curves of the sensor with LBG/PVA/CNTs-DR hydrogels under serial pressures below 1 kPa.
f Response of the sensor with LBG/PVA/CNTs-DR hydrogels to the loading and removal of a small weight (a grain of beans, corresponding to a
pressure below 0.1 kPa). g Durability test of the sensor with LBG/PVA/CNTs-DR hydrogels for 1000 cycles under 0.8 kPa. h Detection limit and
sensitivity of our piezoresistive sensor with LBG/PVA/CNTs-DR hydrogels in comparison with piezoresistive sensors based on hydrogels as

reported in refs, 2029-33,

and high sensitivity (20.5 kPa~' under 0-1 kPa) was selected for
subsequent experiments.

To verify the reliability of the sensor with LBG/PVA/CNTs-DR
hydrogels, different dynamic pressures were applied to the sensor.
As shown in Fig. 2e, the increase in applied pressure led to raised
current response simultaneously. Hence, the LBG/PVA/CNTs-DR
hydrogels-based sensors can accurately distinguish between
different levels of force even in the low-pressure range. Moreover,
the device detected tiny pressures below 0.1 kPa (Fig. 2f, mass of
the bean 0.1g). The relative current fluctuation during the
measurement in Fig. 2f originates from the metastable contact
between the sensor and the bean.

The long-term stability of the sensor was also studied and the
data are gathered in Fig. 2g. The LBG/PVA/CNTs-DR hydrogels-
based sensor was tested for 1000 cycles of continuous operation
under 0.8 kPa. As can be seen, the relative current changes did
not demonstrate any degradation, indicating the good stability of
the prepared device. It is worth noting that the relative current
change increases during the durability test. The test is measured
at room temperature. As the hydrogels exhibited low rate for
weight loss at room temperature (Supplementary Fig. 5), the
increase in the relative current change is not caused by enhanced
conductivity due to shrinkage from evaporation. The increase in
the relative current change is then deduced to be associated with
the air gap between layers of LBG/PVA/CNTs composite hydrogel.
The air gap disappears after multiple cycles pressure test and
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the contact area between two layers of LBG/PVA/CNTs composite
hydrogel increases.

Compared to other reported sensors with hydrogels as active
sensing layers2%2°-33, the proposed sensor with LBG/PVA/CNTs-DR
hydrogel was advantageous in terms of sensitivity and linear
detection range (Fig. 2h and Supplementary Table 1). The good
performances would have potential prospects in many application
fields, such as wearable electronic products and human-computer
interaction interface systems.

The sensing mechanism of the sensor with LBG/PVA/CNTs-DR
hydrogels

The sensor with LBG/PVA/CNTs-DR hydrogels showed a high
sensitivity (20.5 kPa™") in detecting small pressures (0-1kPa) with a
wide detection range (0-100 kPa), clearly demonstrating out-
standing piezoresistive sensing performance. An overall structural
schematic diagram of the sensor composed of the LBG/PVA/CNTs-
DR hydrogel sandwiched between two carbon cloth electrodes is
provided in Fig. 3a. The changing processes of the contact points
between carbon cloth and hydrogels, as well as the deformation of
carbon cloth and LBG/PVA/CNTs-DR hydrogels under the action of
external force, are presented in Fig. 3b-d. Initially in the absence
of applied pressure, the contact points between carbon cloth and
the rough hydrogels were few to create an electric current
conduction path, leading to a low lo. Note that the low initial Iy
created a low noise level, critical for achieving high sensitivity.
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Fig. 3 Schematic description of sensing mechanism. a Schematic diagram of the structure of the sensor with LBG/PVA/CNTs-DR hydrogels

and (b—d) its mechanism analysis of the pressing process.

Upon the application of tiny external pressure (0-1 kPa) to the
sensor (Fig. 3b), the contact area between carbon cloth and
hydrogels increased. This changed the output electrical signal
significantly, resulting in a high sensitivity of 20.5 kPa~" in the low-
pressure detecting range (0-1 kPa). As pressure increased to a
medium range (1-10 kPa), the effective contact area between
carbon cloth and hydrogels gradually reached saturation, while the
compression of carbon fiber in carbon cloth just started to occur
(Fig. 3c). At this stage, the decreasing rate in the total resistance of
the sensor slowed down, and the sensitivity decreased to 2.28
kPa=' (1-10 kPa). Further increase in pressure (10-100 kPa)
initiated the deformation of the CNT network inside LBG/PVA/
CNTs-DR hydrogels (Fig. 3d), thereby reducing the resistance
of the hydrogels. At this stage, the sensor only showed a lower
sensitivity of 0.24 kPa™" in the pressure range of 10-100 kPa. The
multiple responsiveness of the sensor was beneficial to obtain
high sensitivity and wide detection range, but not conducive to
obtaining a fast response time. In this work, the sensor exhibited a
response time of 356ms and a recovery time of 355ms
(Supplementary Fig. 6), limited by the multiple responsiveness of
the sensor'".

Parameter optimization of the sensor

The results also revealed the important role of the double
rough surface of LBG/PVA/CNTs-DR hydrogels in the sensor. The
double rough surface would facilitate the formation of a huge
contact interface between hydrogels and carbon cloth elec-
trode, so that the electron flow path would increase instanta-
neously when the electrode was in contact with the rough
surface of the hydrogels under small applied external force,
resulting in a sharp drop in contact resistance. This helped
increase the sensitivity of the sensor, explaining the higher
sensitivity of the sensor based on LBG/PVA/CNTs-DR hydrogel
when compared to the sensors based on LBG/PVA/CNTs-SR
hydrogel or LBG/PVA/CNTs-DF hydrogel.

Features like the amount of CNTs in the hydrogels, the
morphology, and the conductivity of the electrode also affected
the performance of the sensor. As shown in Supplementary Fig. 7,
the sensitivity of the sensor prepared with LBG/PVA/CNTs-DR
hydrogel depended on the amount of CNTs in the hydrogels.

Published in partnership with Nanjing Tech University

Insufficient amounts of CNTs did not fill the hydrogels uniformly,
whereas excess amounts of CNTs increased the Iy without pressure
loading. Experimentally, the optimal CNTs/LBG ratio was identified
as 3:10 in experiments. Besides the amount of CNTs in the
hydrogels, the sensitivity of the sensor with LBG/PVA/CNTs-DR
hydrogel depended on the nature of the electrode substrate.
Supplementary Fig. 8 compares the response of the sensor based
on the Cu electrode and carbon cloth. Clearly, the sensor prepared
with carbon cloth achieved lower I, (1077A vs 107%A) and a
higher response than that prepared with a Cu electrode. On the
one hand, the Cu electrode with a better conductivity (3.4x 10~*
Q/sq vs 0.6 Q/sq) did not look as sensitive to pressure as carbon
cloth since its conductivity was higher in a pressure-free state. In
other words, the difference between the stress-free state and the
pressure-saturated state was smaller. On the other hand, the
surface of the carbon cloth looked much rougher (Supplementary
Fig. 10a, b), forming a lower initial contact area between the
hydrogels and the electrode to enhance the sensing performance.
Therefore, the carbon cloth with moderate conductivity and a
rough surface was another critical component for achieving high-
performance pressure sensors.

Applications of the sensor

The above results and analyses indicated that the sensor with
LBG/PVA/CNTs-DR hydrogel exhibited good sensing performance.
The sensor was further used as a switch in series with the light
emitting diode (LED) connected to a 5V direct current power
supply to turn on/off the LED (Fig. 4a). The LED was off in the
original state and it was on when the sensor was compressed.

The high-performance sensor was also used to accurately detect
human motion signals. To this end, we attached our sensor to the
fingers and wrists to monitor movements. As shown in Fig. 4b, c,
the sensor can be used to detect the pressure produced by finger
bending (50°, 65°, and 90°, Fig. 4b) and the signal waveform of
wrist bending remains consistent under the same bending angle
(60°, Fig. 4¢). By attaching the sensor onto the throat, speaking
signals of the word ni hao (Fig. 4d), sensor (Fig. 4e), and chuan gan
qi (Fig. 4f) were also recognized separately. Thus, the sensor
possessed significant potential applications in indiscriminating
different types of deformation and speech recognition.
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Fig. 4 Applications of the sensor for various signal detection. a The sensor used as a switch in series with the LED and the power supply to
turn on/off LED. The signal responses arise from (b) finger bending, (c) wrist bending, and speaking (d) ni hao, (e) sensor, (f) chuan gan qi.

The monolithic integration of the sensor and flexible ZIB

To test the potential of the proposed devices as wearable electronics
without the need for an external rigid power supply, the sensor
prepared with LBG/PVA/CNTs-DR hydrogel was further monolithically
integrated with a flexible solid-state ZIB based on LBG hydrogel
electrolyte. As illustrated in Fig. 53, such an active-powering pressure-
sensing device had two stacking functional structures. The solid-state
ZIB sitting on top of the sensor with LBG/PVA/CNTs-DR hydrogel
consisted of five distinct layers, of which three layers were made
from commercially available carbon cloth, and the other two layers
were hydrogels based on natural polymer. From the top to the
bottom, the flexible ZIB was made of three flexible layers: a MnO,
cathode, an LBG hydrogel electrolyte, and the electro-deposited Zn
anode on carbon cloth. Moreover, the ZIB and the pressure sensors
shared a common carbon cloth electrode sandwiched in the middle
of the stacks. Consecutively, the piezoresistive sensor was made up
of another three-layer stacking structure with the top electrode
shared between flexible ZIB, LBG/PVA/CNTs-DR hydrogel as an active
sensing layer, and a bottom electrode layer of carbon cloth. The
charge-discharge characteristics of the ZIB are reported in our
previous work'®. The discharge voltage plateau is ~1.4 V. To verify the
distinct self-powering feature, the wearable device was connected to
a homemade signal management circuit system (Fig. 5b, ). The key
electronic components employed in the signal management circuit
system include a micro-controller unit (MCU) (STM32L051C8T6,
STMicroelectronics), a Bluetooth low energy (BLE) module (BT691,
Feasycom), a voltage boosting boost chip (TLV61220, Tl), an analog-
to-digital converter (ADC, which is integrated in the MCU), and a
sampling resistor.

The entire circuit is simplified by the circuit diagram in Fig. 5c. A
commercial voltage boosting chip is used to raise the voltage of
the ZIB to 2V, which is sufficient to power the MCU and the BLE.
Upon application of pressure, the resistance of the wearable sensor
changed, resulting in the variation of voltage across the sampling
resistor. Here, a dual-channel ADC was used to measure the voltage
across the sensor and the voltage of the battery simultaneously.
Thus, the accurate voltage drop on the sampling resistor can be
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obtained by subtracting the voltage drop on the sensor from the
voltage of the battery, and finally the current flowing through the
sensor can be attained without being affected by the voltage drop
in the battery. On the other hand, the voltage drop on the sensor is
directly measured by the ADC. As a result, the effect of the voltage
drop in the battery can be corrected. The recorded digital signal
was then transmitted to a mobile device by BLE. Both the MCU and
the BLE are set to the low-power mode. The total operation current
of the MCU and the BLE drawn from the ZIB is about 2.2 mA, and
the overall power consumption of the signal management circuit
system is calculated to be only 3.1 mW. Therefore, the capacity of
the ZIB (2.72 mAh) is capable of powering an MCU with BLE
continuously for 1.2 hours.

Using the circuitry shown in Fig. 5¢, the real-time pronunciation
monitoring measurement signal can wirelessly be transmitted by a
Bluetooth device and displayed on a computer via a custom interface
(Fig. 5d, €). The waveforms of pressing signal and speaking signals of
the word hello collected from the wireless data transmission sensor
system are plotted in Fig. 5f and Fig. 5g. Important features of the
waveforms were observed, showing a sensing system with great
potential for use in on-line monitoring and intelligent speech
recognition with advantages of being compact, lightweight, and
wireless, without the need of rigid external power supply.

In summary, a simple and efficient method was developed to
fabricate a conductive, elastic, and biocompatible hybrid network
hydrogel by cross-linking LBG, PVA, and CNTs. The resulting LBG/
PVA/CNTs hydrogel with a double rough surface could be prepared
by coupling two original hydrogels flat face to the flat face. A
piezoresistive sensor was assembled with the as-obtained hydrogel
sandwiched between two carbon cloth electrodes. The huge
change in the contact area between the hydrogels and the carbon
cloth resulted in a piezoresistive sensor with a high sensitivity of
20.5 kPa~! under 0-1kPa, a broad detection range of 0.1-100 kPa,
and good reproducibility for at least 1000 cycles. Moreover, when
integrating with a solid-state ZIB, the sensor functioned in a self-
powered manner to detect various human motions. In sum, these
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Fig. 5 The monolithic integration of the sensor with LBG/PVA/CNTs-DR hydrogel and flexible ZIB. a Schematic illustrations of the active
powering senser integrated with a solid-state ZIB in the layer-by-layer view. b Schematic illustrations of the active powering senser with a solid-

state ZIB and a signal management circuit system mounted on the throat

to monitor pronunciation. ¢ A simplified circuit diagram of the active

powering senser with a solid-state ZIB and a homemade signal management circuit system. d Photograph of the active powering senser with a
solid-state ZIB and a homemade signal management circuit system mounted on the throat to monitor pronunciation. e Photograph showing
that the real-time pronunciation monitoring measurement signal can be wireless transmitted by a Bluetooth device and displayed on a
computer via a custom interface. Detection of the real-time pulse signals from (f) pressing and (g) speaking signals of the word hello.

findings look promising for the preparation of green and high-
performance piezoresistive sensors.

METHODS

Preparation of LBG/PVA/CNTs hydrogel

LBG/PVA/CNTs hydrogel was prepared in three steps. First, 49
polyvinyl alcohol (PVA, 1750 + 50, Shanghai yuanye Bio-Technology
Co., Ltd) and 300 mg Carbon Nanotube (CNT, XFM17, Nanjing/
Jiangsu XFNANO Materials Tech Co., Ltd.) were added to 40 mL
water and heated to 100 °C under vigorous stirring until all PVA was
fully dissolved. Second, 1 g locust bean gum (LBG, Aladdin) and the
above solution were mixed by stirring until homogeneous
dissolution. The resulting mixture was then poured into a petri
dish and transferred to an environmental cabinet at —20 °C for 12 h.
The PVA/CNTs hydrogels were prepared by a similar method
without the introduction of LBG.

Preparation of ZIB

The ZIB was assembled with LBG electrolyte, MnO,/reduced
graphene oxide (MnO,/rGO) cathode and the electro-deposited

Published in partnership with Nanjing Tech University

Zn anode’®. A MnO,/rGO cathode (70 wt% of a-MnO, (obtained
by the hydrothermal method), 20 wt% of rGO (Nanjing/Jiangsu
XFNANO Materials Tech Co., Ltd.), and 10 wt% of polyvinylidene
fluoride (PVDF)) on carbon cloth was prepared. The Zn anode was
obtained by electrodeposition of Zn on carbon cloth'®. The LBG
electrolyte was prepared by dispersing 0.5g LBG in 10mL
aqueous solution containing 2 M ZnSO, (AR grade, Aladdin) and
0.1 M MnSO, (AR grade, Macklin) at room temperature, followed
by a heating process at 100 °C for 5 min'®.

Characterization

The surface morphologies of the hydrogels were examined
by field-emission scanning electron microscopy (FESEM, Zeiss
SUPRA-55). A 3D laser scanning confocal microscope (LSCM-Zeiss-
LSM900) was used for the analysis of the surface roughness of the
LBG/PVA/CNTs hydrogel.

The tensile and compressive mechanical properties of LBG/PVA/
CNTs hydrogel and PVA/CNTs hydrogel were tested by ESM 303
equipped with a force gauge model M5-5 (maximum force: 25 N),
Mark-10. The tensile tests were conducted on a rectangular sample
(25*10*1.5mm3) at 20mmmin~'. The compressive tests were
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conducted on a cylindrical sample (diameter: 10 mm, height:
1.5 mm) at 20 mmmin—".

The LBG/PVA/CNTs-DR hydrogels with double rough surfaces
were prepared by coupling two original hydrogels flat face to flat
face. For comparison, the original LBG/PVA/CNTs hydrogels with
single rough surface (LBG/PVA/CNTs-SR) and hydrogels with double
flat surfaces (LBG/PVA/CNTs-DF) were obtained by coupling two
original hydrogels rough face to rough face. The hydrogels were
tailored into 1cm X 1cm square pieces. The piezoresistive sensor
was assembled by employing the hydrogels as the sensing active
layer and carbon cloth as electrodes. For the device characteriza-
tion, the I-t data were collected by a digital source meter (Keithley
2602B) at the working voltage of 1.5 V.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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