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Fully paper-integrated hydrophobic and air permeable
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Paper-based electronics have attracted much attention due to their softness, degradability, and low cost. However, paper-based
sensors are difficult to apply to high-humidity environments or even underwater. Here, we report a fully paper-integrated
piezoresistive sensing system that exhibits flexibility, waterproofing, air permeability, and biocompatibility. This system consists of
hydrophobic paper as the substrate and encapsulation layer, conductive paper with a double ‘zig-zag' and dotted surface structure
as the sensing layer, and silver paste films as the interconnects. The structural design of the sensing layer helps to increase the
contact area in adjacent layers under pressure and further improves the pressure sensitivity. The piezoresistive system can be worn
on human skin in the ambient environment, wet environment, and water for real-time monitoring of physiological signals with air
permeability and waterproofing due to its hydrophobic fiber structure. Such a device provides a reliable, economical, and eco-

friendly solution to wearable technologies.
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INTRODUCTION

The emergence of wearable electronics has promoted the
development of flexible electronic devices that can be integrated
into the human body for health monitoring’=, physical track-
ing®®, and human-computer interacting®’°. At the same time,
wearable electronics will not limit the activities of human beings
or machines due to their flexibility and lightness'®'". Among all
the exciting applications, pressure sensors play an important
role’>'3 as they can be widely used in many aspects, including
respiratory monitoring'*'>, pulse detection'®'’, and other phy-
siological signal acquisition'®'?, Pressure sensors can be classified
into capacitive?®?!, piezoresistive?>~2%, piezoelectric'”?*>, and
triboelectric?®2” sensors according to different working principles.
Piezoresistive sensors, in particular, have the advantages of simple
operation, low energy consumption, high sensitivity in low-
pressure range, and simple signal acquisition”28,

The development of flexible electronics is related to advances in
materials and mechanical designs. However, with the increasing
demand for electronic products, a large number of electronic
wastes and their discarded toxic substances cause serious
environmental pollution?*3°. The commonly used polymers are
often complicated, costly, and difficult to degrade, and may cause
a burden on the environment®'. Some fabric-based sensors offer
greater flexibility and comfort, but fabrics, which are usually made
from a mixture of natural plant fibers and chemical synthetic
fibers, have similar problems with natural degradation as
polymers3233, Therefore, one direction of particular interest is to
integrate environmentally friendly properties in wearable electro-
nics by exploring green materials, most of which are based on
fibroin3*3>, gelatin’-¢, and paper®”*.

Paper-based flexible sensors have attracted a surge of
interest because of their characteristics including flexibility, low
cost, abundant resource, biocompatibility, and environmental

protection*’*®, However, the perspiration of human skin can
affect the sensing performance of the device. In some special wet
environment, such as bathing and swimming conditions, water-
proof performance is necessary. Therefore, most paper-based
sensors tend to use non-paper packaging to protect, such as
PDMS*34748 P49 PTFE®®, and other polymers3', However, these
polymers are difficult to degrade in nature®®. In addition, good
breathability is also extremely important for comfortable, non-
inflammatory wearable electronics®'*2. Compared to other
encapsulation materials, cellulose paper is a good breathable
material due to its porous structure, and it will not cause
discomfort even if worn on the skin for a long time®3. Furthermore,
the studies have confirmed that cellulose paper has good
degradability and have reported the sensors based on cellulose
paper with good degradability by biology and combustion*'->4=>5,
Recently, some fully paper-based flexible sensors have been
successfully constructed for the detection of human activ-
ities*>>758, and paper with the porous microstructure had a good
air permeability, but it also leads to poor water resistance of the
sensor and loss of function when working in water or high
humidity environments. Therefore, developing a fully paper-based
sensor with waterproofing and air permeability is a challenge in
terms of device performance and environmental care.

For flexible wearable paper-based sensors, we previously
reported an all-paper-based pressure sensor that uses paper
coated with silver nanowires as the sensing layer and transparent
paper as the packaging layer*2. However, the packaging paper
used in this report is not waterproof, limiting its use in wet or
underwater environments. Therefore, the previously reported
application of all paper-based pressure sensors in some special
environments remains to be solved.

In this work, we have developed an all paper-integrated flexible
sensing system that is compatible with waterproofing, air
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Fig. 1 lllustration for the fabrication and applications of a fully paper-based flexible piezoresistive sensing system. a Preparation of
hydrophobic paper and screen printing of the interconnects. b Preparation of the sensing layer with dotted surface and double ‘zig-zag’
structure. ¢ Schematic diagram of the integrated flexible piezoresistive sensor and its hydrophobicity and air permeability. d Different
application scenarios of the flexible piezoresistive sensing system, including Normal (i), high-Humidity (ii), and Underwater (iii) conditions.

(This image does not contain any third party material.).

permeability, and eco-friendly. The piezoresistive sensing system
consists of three components: hydrophobic and air permeability
paper as flexible encapsulations, a conductive paper with a double
‘zig-zag' structure and a dotted roughed surface as a sensing layer,
and the silver paste films as the interconnects between the
encapsulation and sensing layer. Due to the structural design of
the sensing layer, the obtained pressure sensor exhibits sensitivity
of 12.6 kPa—' and 4.3 kPa~' under the pressure between high
detection range of 0 to 0.6 kPa and 0.6-60.4 kPa, respectively, and
the fully paper-based sensor has low working voltage and fast
response time. Such pressure systems can also be easily disposed
of by incineration. The flexible piezoresistive sensing system has
been successfully applied to monitor human physiological signals,
including finger touch and bending, sitting posture, arterial pulse,
acoustic sounds, and walking signals. Besides the detections
under ambient conditions, the successful underwater applications
demonstrate the water-proofing ability of the piezoresistive
system. We believe that the proposed flexible piezoresistive
sensing system will be applied in many complex scenarios such as
medical treatment, daily life, shallow water environment, and rainy
days. This work will pave the way for manufacturing low-cost and
easy-to-use paper-based hydrophobic sensors and broaden their
application scope, and will promote the development of green
flexible electronics.

RESULTS AND DISCUSSION

Design and fabrication of fully paper-based flexible
piezoresistive sensor

The sandwich structure piezoresistive sensor consists of conductive
paper as the sensing layer and hydrophobic paper with silver
interconnects as the packaging layer. Figure 1a and Supplementary
Fig. 4a demonstrate the hydrophobic treatment process by
evaporating the methyl trichlorosilane gas into the filter paper in
a vacuum oven at 45°C. An original filter paper (Fig. 1a, left inset)
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made up of non-waterproof fibers (Fig. 1a, left) is treated with
methyl trichlorosilane vapor, and methyl trichlorosilane reacts
with the hydroxyl groups on the fiber and replaces hydrophilic
groups on the fibers’ surface (Fig. 1a, middle, Supplementary Fig.
4c, d), which makes the paper hydrophobic (Fig. 1a, middle inset).
Scanning electron microscope (SEM) images show that the fibers
changes from the original smooth surface (Supplementary Fig. 5a)
to rough surface (Supplementary Fig. 5b) when treated with
methyl trichlorosilane, which proves that methyl trichlorosilane is
uniformly bonded to the fibers, changing the hydrophilicity of the
fibers. At the same time, the static contact angle and rolling
contact angle of the hydrophobic paper were characterized. On
the original paper, dripping water droplets would be rapidly
absorbed, while on the surface of the hydrophobic paper, the
contact angle was about 143° (Supplementary Fig. 5c). As shown
in Supplementary Fig. 6, the hydrophobic paper with a drop of
water on the surface proves that the paper remains hydrophobic
when subjected to different bending conditions. When 10 pL of
water drops from a height of 4 cm, the surface of the hydrophobic
paper tilts at least 38°, which indicates that the rolling contact
angle of the hydrophobic paper is 38° (Supplementary Fig. 5d).
Simultaneously, the waterproof filter paper obtains good air
permeability due to the porous nature between the fibers
(Supplementary Fig. 4b). Silver paste interconnects were screen-
printed on the prepared hydrophobic paper and used as
electrodes attached to conductive paper to signal from the
sensing layer to external devices (Fig. 1a, right). To illustrate
the electric robustness of the printing wires, we connected
the hydrophobic paper with interconnects into the circuit, and the
brightness of the LED was unchanged under non-bending,
concave bending and convex bending (Supplementary Fig.
7a-c). And when the bending angle of the hydrophobic paper
was increased from 0 to 120 degrees, the resistance of the
interconnects is ~0.5 Q (Supplementary Fig. 7d, e).

The sensing layer is prepared by dip coating tissue paper in the
aqueous composite solutions of single-walled carbon nanotubes

Published in partnership with Nanjing Tech University



Y. Wei et al.

a
‘ 3| S1=12.07 kPa’!
Pressing -6 //
2 ] d
= — 5 e
= ! o
E Al i 00 02 04 06
= V Pressure (kPa)
© S2=4.1 kPa™
U i
- npressing 04
Time (s) 0 0 20 30 0 50 60
Pressure (kPa)
c d X
90 oy | 10 b
] ﬂ | / ol | A o
Emh/ﬁ W\/\/ \/\” } ‘,J /\/ AM‘ i /!ﬁ” ﬁ!/‘ | A” | M e e
q“‘ \\/K \' qw ’ i W/ H g elamneni et a
S 60- ! \w L«! Cax 150 1“1 154 II% L M 162 ’ ‘/ v U J V v ‘/ u \’ V v \%3 1 *C:ei eli al. .
: S C‘\Clés 136 13 3516 3518 3520 3521' 3524 3526 3528 3530 g 2 1
4 30 J :.E Zhax\x“»et al.
g 14 Go:g"et 5 % Yang et al.
2 % Wang et al.
0 X Y Liu et al. Yang et al. %
0 L - - . . . Liu f:t al. i i . . .
0 1000 2000 3000 4000 0 50 100 150 200 250 300
Cycles Range of detection (kPa)

Fig.2 Electrical performance of the fully paper-based flexible piezoresistive sensor. a The currents generated when pressure loaded on the
sensor, disappeared when unloaded. b The fractional change of current from a fully paper-based flexible piezoresistive sensor under pressing,
the enlarged view in a small pressure range of 0-0.6 kPa. ¢ The fractional change of current in the 4000 cycles, the enlarged diagrams for
144-162 cycles and 3517-3530 cycles. d Comparison of this work with currently reported paper-based pressure sensors in terms of sensitivity

and range of detection.

(SWNTs) and graphene (Fig. 1b). The paper will change color from
off-white to black after drying (the detailed preparation process is
shown in methods and Supplementary Fig. 2b). Compared with the
original fibers of tissue paper (Fig. 1b, bottom left and
Supplementary Fig. 8a, b), the modified fibers are attached by
graphene/SWNTs composites uniformly (Fig. 1b, bottom middle,
Supplementary Fig. 8c-i). The modified conductive paper with a
porous structure would respond to the applied pressure under a
fixed voltage and cause regular changes in current. The folded
conductive paper can lift a 200 g weight, which proves its good
mechanical strength and good flexibility (Supplementary Fig. 9a).
Therefore, a double ‘zig-zag’ shaped structure was folded as the
final sensing layer. Besides the porous structure, the dotted surface
of the tissue (Supplementary Fig. 9b, c) and double ‘zig-zag’ stack
layers (Fig. 1b, right and Supplementary Fig. 10) improve the
mechanotransduction sensitivity of the sensing layer due to the
increasing electrical contacts between fibers in adjacent paper
layers as pressing (Supplementary Fig. 9b, c)*?%°, We also test the
contact angle of a drop of water on the original and conductive
tissue to compare their hydrophobic properties. At the very
beginning, the contact angle of a droplet on the conductive tissue
is larger than that of the original tissue (Supplementary Fig. 11a, d).
The droplet on the original paper is absorbed gradually after
3 seconds (Supplementary Fig. 11b, c), but that on the conductive
paper is still intact in 5 s, which proves the sensing layer has certain
hydrophobicity (Supplementary Fig. 11e, f).

The hydrophobic paper with interconnects is used to package
the sensing layer and integrated in the sandwich piezoresistive
system (Fig. 1¢). In addition, the hydrophobicity of the encapsula-
tion and sensing layer ensures the potential of underwater
application of the piezoresistive system (Fig. 1c, up), and the
porous network structure of the conductive and hydrophobic
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paper also makes the sensor have an air permeability, which
indicates a potential biocompatibility (Fig. 1¢, bottom). Benefiting
from the hydrophobicity, air permeability, and higher mechan-
otransduction sensitivity, the fully paper-based piezoresistive
sensing system has the capability of being applied under ambient
condition, high-humidity environment, and underwater (Fig. 1d).

Electrical properties of the fully paper-based flexible
piezoresistive sensor

We demonstrate the current generation and disappearance with
and without finger pressing, respectively, due to the structural
deformation of the sensing layer, in which the brightness and
darkness of the LED in the insets also illustrate such phenomenon
(Fig. 2a). As the increase of pressure in a wide pressure range of
0.03-60.4 kPa, the fractional change of current (Al/ ly) has
increased accordingly (Supplementary Fig. 12a). As shown in
Fig. 2b and its inset, the fully paper-based piezoresistive sensor
has a high sensitivity of 12.6 kPa~—' and 4.3 kPa~' in a range of
0.03-0.6 and 0.6-60.4, respectively. Specifically, the pressure
sensitivity can be defined as the formula S = 6(Al/ly) /6P, where P
is the applied pressure*?©'62 The high sensitivity of the sensing
layer is attributed to the double ‘zig-zag' folded stacks, a certain
number of rough dotted on the surface, and the porous nature of
paper fibers. When subjected to the external pressure, both the
decrease of the angle on ‘zig-zag’ folded structures and the
mutual squeeze between the dots on the surface can lead to
the increase of the contact area in the adjacent layers, while the
reduction of the fibers gap also increases the contact area inside
the sensing layer. The growth of the contact area will result in a
significant decrease in the resistance, that is, a noticeable
increase in current variation Al, thus rising the sensitivity S.

npj Flexible Electronics (2023) 13
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Fig.3 Hydrophobic and air permeable properties of the fully paper-based flexible piezoresistive sensor. a Schematic diagram of a sensor
attached to human skin with air permeable and hydrophobic effects. b Air permeability test of the flexible piezoresistive sensor.
c A photograph of the piezoresistive sensor worn on the skin (left) and a photograph of the skin after wearing it for 24 hours (right). d Infrared
images of the sensor before working (top left), working for 10 seconds (top right), working for 30 seconds (bottom right), and stopping

working in 2 seconds (bottom left).

Supplementary Fig. 12b proves that the sensitivity of our sensing
layer is much higher than that of a non-stacked sensing layer (P1)
and a smooth surface sensing layer (P2), in which the materials
and manufacturing processes of the three sensors are the same.

It is worth mentioning that such pressure sensor modified
by graphene/SWNTs also has good resilience when unloaded
because the folded paper with the angles is more likely to spring
back, and the surface dots treated with conductive materials are
more elastic. As proved by the cyclic test in Fig. 2¢, the response of
the piezoresistive sensor in 4000 cycles loading/unloading under
constant pressure and frequency represents outstanding repeat-
ability and stability, and the enlarged diagrams of 144-162 cycles
in the earlier period and 3517-3530 cycles in the later period
illustrate no significant difference as shown in the insets in Fig. 2c.
As investigated in Supplementary Fig. 13a, the response and
recovery time grow with the increase of the loading force, but the
response and recovery time are still less than 330 ms and 380 ms,
respectively when the pressure is as high as 60 kPa. Compared
with the previously reported paper-based piezoresistive sensing
studies, this work has achieved relatively high sensitivity, large
detection range and low working voltage (0.1V) (Fig. 2d).
Furthermore, unlike other encapsulations containing commercial
non-degradable materials, this fully paper-based sensor is more
environmentally friendly and less costly, because it takes only $0.2
to fabricate one piezoresistive sensor.

Hydrophobic, air permeable, and eco-friendly properties of
the fully paper-based flexible piezoresistive sensor

Besides the electrical properties, the fully paper-based sensor
needs to mimic a person’s skin with good flexible, waterproof,
and air permeable properties, and can be easily worn on the skin
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without affecting the skin’s health/comfort (Fig. 3a). Therefore,
the air permeability and waterproofness of the integrated sensor
needs to be explored. As demonstrated in Fig. 3b, the paper-
based piezoresistive sensor was put on the top of the glass bottle
and the gap of the bottle and piezoresistive sensor was sealed by
parafilm (PM996, PARAFILM) and rubber band. We also prepared
an empty bottle as a control group. Phenolphthalein solution was
added to the exposed paper-based piezoresistive sensor. The
evaporation of the ammonia solution changed the color of the
phenolphthalein droplets at the mouth of the bottle from
transparent to dark red, while the phenolphthalein droplet of
control group did not change color, which indicated that the
sensor had good air permeability. At the same time, the
trichloromethane treated paper has good hydrophobicity and
does not cause biological hazards®. In order to verify the water
resistance, we placed the hydrophobic paper of the sensor with a
drop of water on the top of pH test paper for 12 hours, and the pH
test paper did not change color because of no water penetration
(Supplementary Fig. 13b). The good waterproof and air perme-
able properties are attributed to the modified hydrophobic fibers
and the porous nature of this fully paper-based sensor. In Fig. 3c,
the skin of a volunteer was compared before and after wearing
the waterproof, breathable paper-based sensor for 24 hours, and
no significant changes to the skin were observed, proving that
the paper-based sensor had no effect on the skin. As photo-
graphed by infrared radiation (IR) camera in Fig. 3d, the
temperatures of the sensor worn on the skin were ~28°C, 34°C,
34°C, and 29°C before working, working for 10seconds and
30 seconds, and stop working for 2seconds, respectively. The
results showed that the sensor has fast heat dissipation and good
heat diffusion performance because the thin thickness and
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Fig. 4 Application in real-time monitoring of human physiological signals. a The real-time response of the sensor fixed on the index finger
at different bending angles. The photo is an optical image of the sensor worn on a finger. b The pulse on the wrist measured by the sensor at
a rate of 72 beats per minute. The photo is an optical image of the sensor worn on the wrist. ¢ The real-time response of the sensor fixed on
the back of the human body in different sitting positions. The photo is an optical image of the sensor attached to the back. d Response curves
of the sensor mounted on the throat to monitor voice pronunciation. The photo is an optical image of the sensor worn on the throat. e The
real-time response of the sensor during finger pressing. The photo is an optical image of the sensor under finger pressing. f Real-time
response of the sensor mounted on a foot at different walking frequencies. The photo is an optical image of the sensor attached to a shoe.
g The sensing array response mapping of the pressure distributions corresponding to different shapes of ‘I’ (i), ‘F’ (ii), and ‘E’ (iii) and their

optical images.

porous structure of paper help the sensor dissipate heat when
attached to human skin. As shown in Supplementary Fig. 14, the
sensor is easily ignited and can quickly be carbonized in the air
and then reduced to ash by slight crushing. Unlike sensors made
from metal and polymer materials such as copper®®°, PET®667
and PDMS**#, this fully paper-based sensor can be easily treated
by microbial degradation or incineration*?> when damaged or no
longer needed.

’

Detection of physical signals with the fully paper-based

flexible piezoresistive sensor under ambient conditions

Due to the sensitivity and stability of the piezoresistive sensor,
we have explored applications of the sensor and demonstrated
its potential as a wearable device for testing physiological signals
and detecting human activities. The compliant paper-based
sensor reported here can capture a wide range of pressure on

Published in partnership with Nanjing Tech University

human skin and thus can be attached to different parts of the
human body for different purposes. Figure 4a demonstrates a
piezoresistive sensor attached to an index finger for monitoring
its degree of flexion. Six different bending states of finger flexion
can be accurately captured by the piezoresistive sensor from an
angle of 0° to >90°. Figure 4b presents pulse monitoring data
from the piezoresistive sensor attached to the wrist of a male
adult (75 kg, 24 years old), with a frequency of 72/min. Such
information can be used to detect abnormalities in the rate of
pulse, which are a strong indicator of acute events, such as
arteriosclerosis®®%°, myocardial infarction’®, coronary heart dis-
ease’'’2, ischemic heart disease, and stroke’>. The piezoresistive
sensor can also be attached to the back to detect the sitting
postures to help remind users sedentary position and to change
it in time (Fig. 4c). As shown in Fig. 4d, the pronunciation signal
can be monitored by a piezoresistive sensor worn on the throat,
because the muscle movements from throat will produce

npj Flexible Electronics (2023) 13
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Fig. 5 Application of fully paper-based flexible piezoresistive sensor in high humidity and water environment. a Cyclic tests of the sensor
under continuously changing environmental conditions of humidity (room humidity: 38—-100%), the enlarged data of a piezoresistive sensor in
84% humidity environment, the inset is an optical image demonstrates the sensor attached on the wrist in this test. b Cyclic tests of the sensor
at 50 g weight in air and underwater environments. ¢ Pressure response of the sensor after 1 minute in water (left: 50 g; right: 200 g).
d Pressure response of the sensor after 40 minutes in water (left: 50 g; right: 200 g). e The fisting response of the wrist under water taken by
piezoresistive sensor. f Schematic diagram of sensors for monitoring human motions during swimming. g The bending response of the wrist

under water taken by a flexible piezoresistive sensor.

pressure on the sensor. The data captured show distinct
signatures of different verbal commands as the words ‘Hello’
and ‘Happy’, and such monitoring of pronunciation may promote
the development of artificial intelligence for identification.
Figure 4e investigates the real-time response of the pressure
sensor during finger pressing and the signal strength of the
sensor increases as the pressure increases. In addition, attaching
the piezoresistive sensor under the feet can be used to monitor
movements with different frequencies such as slow walking, fast
walking, and running (Fig. 4f).

Based on the good flexibility, electrical properties and monitor-
ing applications, piezoresistive sensors can also be used to
assemble soft electronic skin for recognizing external pressure and
shape. As illustrated in Fig. 4g, we demonstrate a prototype of soft
electronic skin composed of 3 x 5 array of piezoresistive sensors.
The circuit structure of soft electronic skin can be worn
conformally on the forearm (Supplementary Fig. 15). Figure 4g
shows the performance of the pressure sensing array. As recorded
in subfigures (i), (i) and (iii), three 500 g weights with different
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patterns ‘I, ‘F', and ‘E’ are placed on the pressure sensor array, all
the weights and positions are detected by the pressure array.

Monitoring of human motions with the fully paper-based
flexible piezoresistive sensor under high-humidity and
underwater conditions

In addition to the above-mentioned applications in the ambient
condition, the piezoresistive sensor can be applied in a high-
humidity environment and even soaked in water. As shown in
Fig. 5a, there is no significant influence on sensing functions
of the piezoresistive sensor at different humidity of 38~100%. The
enlarged data shows the sensing results under the random
bending of the wrist in 10 seconds (Fig. 5a right). As shown in the
inset, the device works normally and keeps dry at 84% humidity,
which is attributed to its good waterproofness and air perme-
ability. Therefore, this fully paper-based sensor can be used in a
variety of scenarios, such as in high-humidity weather like rain,
snow, fog, or on sweating and wet skin.

Published in partnership with Nanjing Tech University



The piezoresistive sensor exhibits sensitivity under water
because of its hydrophobic surface. When the water drops on
the hydrophobic paper and slides, the droplets will not wet the
surface, which proves that the sensor made of hydrophobic
paper has good waterproof performance. We explored the signal
detection abilities of piezoresistive sensor in air and underwater
environments. In Fig. 5b, we applied the weight (50 g) to the
sensor in air and under water. The sensor can recognize the
pressure signal stably, while the signal value would decrease to
a certain extent due to the influence of the inherent buoyancy
on the weight under water. The pressure responses of the sensor
soaked in water for 1 minute (Fig. 5¢) and 40 minutes (Fig. 5d)
were recorded by repeatedly placing weights (left: 50 g; right:
200 g) on the sensor. After 40 minutes of underwater testing, the
pressure response did not change significantly, which proved
the good waterproofness and high performance of the packa-
ging layer, indicating that the sensor can respond continuously
in the underwater environment. Further, we used piezoresistive
sensors for underwater signal monitoring (Fig. 5f). When worn
on the wrist, the sensors can be used to record the clenching
data (Fig. 5e) and bending data (Fig. 5g) of the hand in the
water. When the sensor is worn on the human body for
movement monitoring, the body movement will cause obvious
water fluctuations, resulting in a certain signal drift, but the
amplitude of small signal drift will not affect the monitoring of
body movement.

In summary, we constructed a fully paper-based flexible piezo-
resistive sensor with low cost, simple process, and rapid prepara-
tion by stacking the double ‘zig-zag’ folded paper with dot surfaces
and hydrophobic paper with silver paste. The sensing layer is based
on graphene/SWNTs composites, which are synthesized by dip
coating composite solution on tissue papers, and can be produced
on a large scale. The sensing layer is then folded and simply
fabricated as a pressure sensor with high sensitivity under the
combined reactions of the angle change of ‘zig-zag’ folded
structures, the mutual squeeze between the dots on the surface,
and the reduction of the gap among fibers. The piezoresistive
sensor shows high sensitivity (12.6 kPa~' and 4.3 kPa~" in the wide
linear ranges of 0 to 0.6 kPa and 0.6-60.4 kPa), cyclic stability, low
working voltage (~0.1V), and fast response time (214 ms). Because
of fully paper-based materials, the pressure sensor is biodegradable
and can be disposed of simply by incineration to prevent
the accumulation of electronic waste. Thanks to the air perme-
ability and waterproofness of the encapsulation layer, the pressure
sensors can be worn on human skin and monitor human
physiological signals, such as the pulse on wrists, the acoustic
sound on throat, the finger pressing, the walking signals on feet,
and the bending signals on wrist. At the same time, it can also be
applied to soft electronic skin to respond to external force and
distribution. In addition, due to the hydrophobicity of the
piezoresistive sensor, the sensor can be applied in a wet
environment or under water, which greatly reduces the influence
of environmental humidity on the sensor. It is expected that such
fully paper-based piezoresistive sensors with high sensitivity, low
working voltage, fast response, hydrophobicity, air permeability,
and biodegradability have great potential for low-cost, green, and
flexible electronics shortly.

METHODS
Materials

Hydrophobic paper: prepared by methyl trichlorosilane (AR,
>99%, Shanghai Maclin Biochemical Technology Co., Ltd.) and
filter paper (200 mm x 200 mm, Whatman™; Conductive paper:
prepared by aqueous composite solutions of single-walled
carbon nanotubes and graphene (Suzhou Tanfeng Graphene
Technology Co., Ltd.) and a tissue paper with dotted surface
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structure (100% native wood pulp, Shandong Heng’an Paper
Industry Co., Ltd.); nanocellulose paper: prepared by sodium
hydroxide (AR, 296%, Nanjing Wanqging Chemical Industry), urea
(AC, 299%, Tianjin Damao Chemical Reagent Factory), sulfuric
acid (AR, =98%, Shanghai Titan Technology Co., Ltd.), cotton
linters (DP <500, Hubei Jinhanjiang Refined Cotton Co., Ltd.),
deionized water (Merck Direct-Q) and absolute ethyl alcohol (AR,
Guangdong Guanghua Technology Co. Ltd.); oily adhesive
(Guangzhou Sihai adhesive Co., Ltd.); conductive silver paste

(65%, Nanjing Xianfeng Nanomaterials Technology Co., Ltd.);
parafilm (PM996, PARAFILM).

Fabrication of hydrophobic paper

A vacuum oven (Shanghai Yiheng Scientific Instrument Co., Ltd.)
was preheated to 45°C, and a petri dish of 1g methyl
trichlorosilane was covered by a filter paper (10cm X 10cm),
then placed them in the vacuum oven at 45 °C for 5 minutes. The
hydrophobic and air permeable paper can be prepared through
evaporating the methyl trichlorosilane on the fibers of filter paper
(Fig. 1a, bottom middle).

Fabrication of conductive paper

A tissue paper with dotted surface structure (12 mm X 12 mm) was
soaked in commercial conductive solution, simultaneously put in
ultrasound for 1 minute to make the conductive components
more uniform, and then allowed to dry at 120 °C for 10 minutes in
an oven to evaporate the aqueous solution. The paper changed
color from black to dark grey. In Supplementary Fig. 1a, we
controlled the optimal content of conductive components by
varying the number of soaking times. We soaked the paper in
conductive for 12 times and then tested its sheet resistance, which
tended to stabilize after 10 times. Therefore, we chose conductive
paper that was soaked for 10 times as the sensing layer of the
sensor. Then we folded the tissue paper into a double ‘zig-zag’
structure as the sensing layer.

Fabrication of paper-based sensor and pressure sensing array

Two silicon paper masks, made by laser cutting (LIDE laser cutting
machine) a 0.2-mm-thick silicon paper film (RUSPEPA nonstick
silicone paper), were laminated over the upper and bottom
hydrophobic paper, respectively. Then, the silver paste intercon-
nects (1 mm in width and 20 um in thickness) were screen-printed
over the silicon paper mask using a razor blade. Removing the
silicon paper mask left solidified silver interconnects’ traces on the
hydrophobic paper. Two pieces of hydrophobic paper were placed
as the packaging layers and the silver paste side was contacted
with the conductive paper. The edge of the fabricated piezo-
resistive sensor was glued by waterproof oily adhesive’* and
formed as hydrophobic-conductive-hydrophobic sandwich layers.
The pressure sensing array was fabricated by 3 x 5 piezoresistive
sensors and encapsulated by transparent nano-cellulose paper.
The preparation process of the transparent nano-cellulose paper
refers to the previous work of our group*>”® (Fig. S2a). Both the
piezoresistive sensor and the pressure sensing array were then
connected to an external power source and data acquisition
system using copper wires.

Characterization of the paper-based piezoresistive sensor

Pictures of the sensing layer and the final device were obtained
using an optical camera. The double ‘zig-zag’ shape of the folded
sensing layer was observed by an optical microscope. The surface
structure of the hydrophobic paper and conductive paper was
observed by scanning electron microscope (SEM; JSM-7800F,
JEOL, Inc.). The resistance on the sensing layer was measured
with a four-point probe instrument (ST2253, Suzhou lJingge
Electronics Co., Ltd.).
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Monitoring of physical signals at the ambient, high-humidity,
and underwater conditions

The resistance data was collected by an electrochemical work-
station (Shanghai Chenhua Instrument Co., Ltd.), and the working
voltage was set to 0.1V (Fig. S3). When testing at high humidity
and underwater, the external equipment wires were protected
with waterproof tape. The external pressure signals were tested by
applying a series of metal weights on the top of the sensor. The
random touch signals were tested by the fingers touching under
different forces. The piezoresistive sensors were also worn on the
wrist, throat, back, body joints and sole by band-aid to monitor an
adult’s pulse, pronunciation, sitting posture, bending response
and walking signals, respectively.

DATA AVAILABILITY

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