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Abstract
The microstructure plays an important role in improving the sensing performance of pressure sensor.
However, the design of microstructural active layer of pressure sensor usually involves complex process
and expensive raw materials. Herein, the common polyester conductive electrodes and cellulose paper
that both have inherent microstructure surface are ingeniously combined to form two-sided
microstructure interfaces for low-cost, eco-friendly and high-performance �exible piezoresistive pressure
sensor. In order to obtain conductive and low-cost active layer paper, daily carbon ink, which is usually
used for writing, is preferred as a conductive material. Meanwhile, we experimentally con�rm that the
proposed structure is also suitable for other conductive materials, such as carbon nanotubes. The results
show that as-fabricated piezoresistive sensor has high pressure sensitivities of 5.54 and 1.61 kPa−1 in the
wide linear ranges of 0.5−5 and 5−60 kPa, respectively, and good durability (5000 cycles under 2 kPa).
The sensing mechanism of the piezoresistive sensor is analyzed by combining the characterization
results and �nite element simulation. Bene�tting from the high sensing performance, the good �exibility
and non-toxic property, the piezoresistive sensor is demonstrated for multiple wearable applications (e.g.,
wrist pulse, speech recognition, �nger bending, abdominal respiration, counting steps, and pressure
distribution). This work provides a simple and universal strategy for the design of piezoresistive sensor
from the microstructure interfaces between electrodes and active layer.

Introduction
With the rapid development of wearable electronics, the �exible pressure sensors are playing an
increasingly integral role (Chen et al. 2020; He et al. 2021; Ruth et al. 2020; Zhang et al. 2019; Zheng et al.
2020a). According to different transduction mechanisms, the types of pressure sensors mainly include
resistance, capacitance and piezoelectricity. Among them, the resistance type pressure sensor
(piezoresistive sensor) is favored by researchers because of its simple read-out signal, facile fabrication
technique and high linearity (Zheng et al. 2020a).

In the process of realizing high-performance �exible piezoresistive sensors, the microstructure active layer
plays an important role (He et al. 2021; Ruth et al. 2020). A variety of arti�cial microstructure active layers
(such as micropyramid arrays (Choong et al. 2014; Gu et al. 2017; He et al. 2020; Li et al. 2020a; Ma et al.
2020), microdome/hemisphere arrays (Park et al. 2014; Park et al. 2015), hollow-sphere microstructure
(Pan et al. 2014), binary spiky/spherical microstructures (Kim et al. 2020), pollen-shaped hierarchical
structureand (Zhao et al. 2020b ) have been reported for fabricating �exible piezoresistive sensors.
Taking the widely used micropyramid arrays as an example, they usually involve complex processes
(such as casting, etching and photolithography), and various raw materials and reagents (Choong et al.
2014; Gu et al. 2017; He et al. 2020; Li et al. 2020a; Ma et al. 2020). For this reason, some materials with
inherent microstructure have attracted the attention of researchers. Cellulose paper and �ber fabric have
good �exibility, low cost and inherent rough surface structure, which make them excellent materials for
�exible piezoresistive sensors (Chen et al. 2021; Ding et al. 2020; Gao et al. 2019; Gong et al. 2014; Guo et
al. 2019; Han et al. 2019; Islam et al. 2020; Tai et al. 2020; Tao et al. 2017; Tian et al. 2019; Wu et al. 2020;
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Yang et al. 2019; Zhao et al. 2020a; Zheng et al. 2020b). In particular, many �exible piezoresistive sensors
based on stacked cellulose paper active layers have been reported in recent years. For example, Tao et al.
developed a piezoresistive sensor using �ve-layer �lter paper as active layer and silver paste as electrodes
(Tao et al. 2017). Similarly, Yang et al. proposed a piezoresistive sensor based on eight-layer paper and
silver paint electrodes (Yang et al. 2019). Feng’s group proposed a piezoresistive sensor based on three-
layer airlaid paper and copper electrodes (Han et al. 2019). The multilayer microstructure interfaces
formed by stacked paper active layers greatly improve the performance of the piezoresistive sensors, but
also increase the fabrication procedures of the sensors (Han et al. 2019; Tao et al. 2017; Yang et al.
2019). Usually, the high performance �exible piezoresistive sensors are constructed by using the
interlocked microstructure between the active layers, but the role of electrodes is ignored. To our best
knowledge, there is no report of high performance piezoresistive sensor based on a single-layer paper
active layer. In addition, the rigid metal electrodes have poor compatibility with the �exible paper, which is
not conducive to the �exibility of the piezoresistive sensors (Han et al. 2019; Tao et al. 2017; Yang et al.
2019). Therefore, it is very important to �nd a suitable �exible electrode material for �exible piezoresistive
sensors. In our previous work (Duan et al. 2019b), we have demonstrated that the commercial polyester
conductive tape with good conductivity and �exibility can be used to fabricate �exible humidity sensors,
endowing it with the potential as the electrode material of �exible piezoresistive sensor. Meanwhile, the
polyester conductive tape has rough surface structure, which is expected to form a microstructure
interface with the rough paper active layer, promoting the sensing performance of the �exible
piezoresistive sensor.

In addition to the microstructure active layer, the conductive active material as a key component of the
�exible piezoresistive sensor has also attracted attention. Various conductive active materials, such as
poly(3,4-ethylenedioxythiophene-poly(styrenesulfonate) (PEDOT:PSS) (Choong et al. 2014; Yang et al.
2019), carbon nanotubes (CNTs) (Ma et al. 2020; Gu et al. 2017; Park et al. 2014; Zhao et al.
2020b),aluminum-doped zinc oxide (He et al. 2020), reduced graphene oxide (rGO) (Park et al. 2015; Tao
et al. 2017; Wu et al. 2020), polypyrrole (PPy) (Ding et al. 2020; Pan et al. 2014; Zhao et al. 2020a),
polyaniline (PANI) (Kim et al. 2020), carbon black (CB) (Han et al. 2019), gold nanowires (Gong et al.
2014), silver (Gao et al. 2019; Tian et al. 2019), Ti3C2Tx (Guo et al. 2019; Zheng et al. 2020b), rGO-CB (Cao
et al. 2020; Liu et al. 2019), Ti3C2Tx/rGO (Ma et al. 2018; Zhu et al. 2019), and graphene (Cao et al. 2021;
Cheng et al. 2020), have been used for fabricating piezoresistive sensors. Although these materials have
many unique merits for piezoresistive sensors, there are still some disadvantages, such as the
inconclusive toxicity of CNTs, the relatively high cost, and the complex preparation process (Duan et al.
2019a; Wang et al. 2019). Even though the CB has a relatively low cost, it still needs high cost and a
series of processing procedures to obtain uniform carbon black solution (colloid) that can be used to
fabricate piezoresistive sensors (Han et al. 2019; Liu et al. 2019). By paying attention to daily life, we can
�nd mass-produced, green and low-cost conductive materials. Carbon ink, as a material for writing and
painting, has the advantages of good stability, low price (about 0.5 USD for 50 mL) and environmental
protection. In our previous work, we have demonstrated that the conductive property of the carbon ink can
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be used to fabricate low-cost tensile strain sensor (Duan et al. 2019a). Therefore, we speculate that the
daily carbon ink has the potential to fabricate low-cost and eco-friendly piezoresistive sensors.

In this work, we focus on fabricating low-cost, eco-friendly and �exible piezoresistive sensor using simple
method. For this purpose, the daily polyester conductive tape, cellulose paper and carbon ink are selected
as raw materials, and the facile two-sided microstructure interfaces between polyester conductive tape
electrodes and single-layer paper active layer are constructed for fabricating �exible piezoresistive sensor.
The pressure sensing properties of the piezoresistive sensor are investigated, and its sensing mechanism
is analyzed by combining characterizations and �nite element simulation. Finally, the proposed �exible
piezoresistive sensor is demonstrated to have a bright prospect in multiple wearable applications (e.g.,
wrist pulse, speech recognition, �nger bending, abdominal respiration, counting steps, and pressure
distribution).

Experiment Details
Materials

Common A4 cellulose paper (80 g m-2, thickness: ∼107 mm; Asia Symbol (Guangdong) Paper Co., Ltd,
China; about 1 USD for 100 sheets), carbon ink (main components: carbon nanoparticles, deionized
water, surfactants, and anti-sedimentation agents; Guizhou Boss Chemical Industry Co., Ltd., China; about
0.5 USD for 50 mL), polyester conductive tape (width: 10 mm, thickness: ∼130 mm; Shenzhen Huijia
Adhesive Products Co., Ltd., China; about 2 USD for 50 m) and PI adhesive tape (width: 10 mm, thickness:
∼55 μm, Shenzhen Huijia Adhesive Products Co., Ltd., China; about 0.5 USD for 30 m) available in the
market were utilized as raw materials for fabricating pressure sensors. The CNTs solution (10 wt%,
Chengdu Organic Chemicals Co., Ltd., China; about 20 USD for 50 mL) was also utilized for comparison.

Fabrication of the pressure sensors

Firstly, the paper was soaked in carbon ink to make the carbon ink fully in�ltrate it. Secondly, the carbon
ink paper was dried at 60 °C for 1 h to remove the solvent of carbon ink. Thirdly, the dried carbon ink
paper was cut into a square with an area of 1 cm2. Fourth, the two polyester conductive tapes (the side
without adhesive) were combined with the upper and lower surfaces of the carbon ink paper. Finally, the
�exible piezoresistive sensor with two-sided microstructure interfaces (S2) was encapsulated with PI
tape. For comparisons, the piezoresistive sensors with single-sided microstructure interface (S1) and
without microstructure interface (S0) were fabricated by the same process. According to the price of raw
materials, the cost of the piezoresistive sensor is extremely low (far less than 0.01 USD for each sensor).
In addition, the �exible piezoresistive sensor based on CNTs conductive material was also fabricated
using the same method.

Characterization and testing
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The morphologies of materials and piezoresistive sensors were characterized by the transmission
electron microscopy (TEM, JEOL JEM-2100F, 200 kV) and �eld-emission scanning electron microscopy
(SEM, FEI Inspect F, 20 kV), respectively. X-ray diffraction (XRD) patterns and zeta potential of the carbon
ink were recorded by Bruker D8 ADVANCE diffractometer (Cu Kα1 radiation, λ=1.5406 Å) and Zetasizer
Nano ZS90 equipment (Malvern Instruments, UK). The 3D pro�les of the carbon ink paper and polyester
conductive tape were characterized by a laser scanning confocal microscope (Optelics C130, Lasertec
Corp., Japan). The pressure sensing properties of the piezoresistive sensor were measured by a
homemade pressure testing platform, which was composed of pressure testing machine (SJS-500V,
Wenzhou SUNDOO Instruments Co., Ltd., China) and testing instrument (Keithley 4200-SCS) (Pan et al.
2020). The application demonstrations of the piezoresistive sensor were completed on a healthy adult. A
constant voltage of 1 V was loaded on the piezoresistive sensor to obtain the real-time current signal.

Finite element analysis simulation

The stress distributions between the active layer and electrodes under different applied pressures were
conducted via �nite element analysis simulation. The random pro�le models between active layer and
electrodes were built by AutoCAD 2014. The maximum bulge heights of the carbon ink paper active layer
and polyester conductive tape electrodes were set at 20 and 50 mm, respectively, and the cell structure is
based on triangle. The length (L) of the contact interface between electrodes and active layer is 400 mm.
In the process of simulation, the lower boundary of the model is �xed and different pressures are applied
on the upper boundary.

Results And Discussion
Characterization of the materials

Fig. 1a shows the conventional use of the carbon ink and paper for writing. In this study, we will
investigate their novel application in piezoresistive sensor. Fig. 1b shows the fabrication procedures and
photographs of the piezoresistive sensor with two-sided microstructure interfaces. It should be noted that
there is a layer of adhesive on the bottom surface of the polyester conductive tape, but the thin layer of
adhesive has no effect on its conductivity (Fig. S1) (Duan et al. 2019b). In order to form a piezoresistive
sensor with microstructure interfaces, one side of polyester conductive tape without adhesive should be
combined with the carbon ink paper. Therefore, a single-layer paper active layer and two polyester
conductive tape electrodes can form a piezoresistive sensor with two-sided microstructure interfaces
(named S2).

Fig. 2a shows the TEM image of the carbon ink, indicating that the carbon ink contains solid
nanoparticles with the diameters of 20–40 nm. The broad diffraction peak (2q=10–35°) of XRD pattern
con�rms that the solid nanoparticles in carbon ink are amorphous carbon (Fig. S2) (Okamura et al.
2006). The zeta potential of the carbon ink is about –51 mV (far less than –30 mV), proving that the
carbon ink has excellent stability and dispersion (Fig. S3) (Li et al. 2008). This is consistent with daily
experience that the carbon ink can be stored for many years without affecting the use. The excellent
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stability and dispersion of the carbon ink is bene�cial to form uniform conductive layer on the paper (Han
et al. 2019). From the SEM image in Fig. 2b, the paper is made up of interlaced micro�bers, which form a
rough surface. The high magni�cation SEM image in Fig. 2b shows that the paper �ber surface is clean.
Fig. 2c is the SEM image of the paper with carbon ink. In micron size, the surface morphology of carbon
ink paper is basically the same as that of paper, indicating that the rough surface structure of paper is not
changed by the introduction of the carbon ink. Fig. 2d shows the SEM image of carbon ink paper with
high magni�cation. It is con�rmed that the surface of paper �ber is coated by �ne carbon nanoparticles,
endowing the paper with the function of the conducting active layer of piezoresistive sensor. Fig. 2e
shows the SEM image of the polyester conductive tape, which is composed of the textile structure with a
rough surface. Cross section SEM image of the sensor with two-sided microstructure interfaces is show
in Fig. 2f. The upper/bottom surfaces of the carbon ink paper and the polyester conductive tape
electrodes form two microstructure contact interfaces (red dotted lines), resulting in the piezoresistive
sensing response of the sensor. For comparison, the cross-section SEM image of the sensor (named S1)
with single-sided microstructure interface is characterized as shown in Fig. S4. It can be seen that only
the bottom surface of the paper active layer and the polyester conductive tape form a microstructure
contact interface (red dotted line). Because the adhesive side of the polyester conductive adhesive
electrode is combined tightly with the carbon paper active layer, there is no microstructure contact
interface between the upper surface of the paper active layer and the polyester conductive adhesive tape
electrode.

Fig. 3 shows the 3D pro�les of the carbon ink paper and polyester conductive tape, indicating that both
carbon ink paper and polyester conductive tape have rough surface. The height distribution ranges of the
carbon ink paper and polyester conductive tape are about 40−60 and 100−150 mm, indicating that the
relative height distribution range of the polyester conductive tape is about 2.5 times that of carbon ink
paper. The rough surface structure of the carbon ink paper and polyester conductive tape can form a
rough contact interface, which is bene�cial to the sensing response of the piezoresistive sensor.

Pressure sensing performance

Fig. 4 shows the piezoresistive sensing properties of the sensors. As shown in Fig. 4a, the piezoresistive
sensor S2 with two-sided microstructure interface has a good and stable pressure sensing response
under a wide pressure range of 0.1−70 kPa. The current of the sensor S2 is 0.12 mA under no loading
pressure. In addition, the linear current versus voltage (I−V) curves of the sensor S2 under different
pressures, indicating that the stable ohmic contact is formed between the active layer and the electrodes
(Fig. S5) (Guo et al. 2019; He et al. 2020). The sensitivity (S) of the piezoresistive sensor is de�ned as S =
δ(ΔI/I0)/δP, where ΔI is the relative change of current (ΔI=I−I0), I and I0 are the current of the sensor with
and without loading pressure, and P is the loading pressure (Han et al. 2019). The responses (ΔI/I0) of
three sensors (S0 without microstructure interface, S1 and S2) under the different pressures are shown in
Fig. 4b. According to the linear �tting results, the sensitivities of the sensor S2 can divided into two
regions: Low-pressure range (0.1−0.5 kPa, S2(1) = 5.54 kPa−1) and high-pressure range (5−60 kPa, S2(2)
= 1.61 kPa−1). For comparisons, the piezoresistive sensing properties of the sensor S1 and S0 were also
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investigated. Although the sensor S1 with single-sided microstructure interface also has a good
piezoresistive sensing response (Fig. S6), its sensitivities are far less than that of sensor S2. According to
the calculation, the sensitivities of sensor S2 are 5 (0.1−0.5 kPa) and 6 times (5−60 kPa) that of sensor
S1, respectively. The sensor S0 has almost no piezoresistive sensing response because there is no
microstructure interface between the active layer and the electrodes. In order to obtain the stable
response and recovery times of the piezoresistive sensor, the response curve of the sensor S2 is tested in
a long and stable switching period (5 s) under the pressure of 2 kPa (Fig. 4c) (Park et al. 2014; Zheng et
al. 2020b). The response time and recovery times of the sensor S2 are 280 and 285 ms. Fig. 4d shows
the current response curves of the sensor S2 under a pressure of 2 kPa for 5000 cycles, proving its
outstanding repeatability and stability (full response cycles shown in Fig. S7) (Han et al. 2019; Gong et al.
2014; Zhao et al. 2020a). Compared with many reported microstructure piezoresistive sensors (Table 1),
the sensor S2 in this work has a superior performance on the sensitivity. Notably, the piezoresistive
sensor based on common paper, polyester conductive tape and carbon ink has lower cost of raw
materials and simpler fabrication procedures. On the whole, it is more competitive than many other
sensors including paper-based piezoresistive sensors reported previously.

In addition, we con�rmed that the proposed structure of the two-sided microstructure interfaces is also
suitable for other conductive materials, such as CNTs. Fig. S8 shows the SEM images and pressure
sensing performance of the piezoresistive sensor based on CNTs. Compared with carbon ink paper (Fig.
2c), the surface morphology of the CNTs paper is relatively smooth (Fig. S8a, b). This may be due to the
high concentration of carbon ink solution, resulting in a large number of CNTs deposited on the paper
surface. Due to the good conductivity and the different deposition amount of the CNTs, the current (1.1
mA) of the CNTs sensor is higher than that of the carbon ink sensor S2 (0.12 mA) under no loading
pressure (Fig. S8c). The results show that the CNTs sensor still has good piezoresistive response and
high sensitivities (0.1−0.5 kPa: 3.49 kPa−1; 5−60 kPa: 1.28 kPa−1), proving that the proposed structure of
the two-sided microstructure interfaces is successful and universal (Fig. S8d). However, the cost of CNTs
is much higher than that of common carbon ink. Taking the raw materials purchased in our work as an
example, the cost of the CNTs (about 20 USD for 50 mL) is 40 times that of common carbon ink (about
0.5 USD for 50 mL). In terms of cost and sensing performance, the carbon ink has more advantages than
CNTs.

Table 1. Comparison of the sensor in this paper with reported microstructure piezoresistive sensors.
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Active layer materials Main methods Sensitivity

 (kPa-1)a

Pressure

Range
(kPa)

Ref.

PEDOT:PSS/PUD template/casting 4.88 0.37−5.9 Choong et al.
(2014)

rGO/paper soaking/annealing 0.172 0−2 Tao et al. (2017)

PEDOT:PSS/paper dip-drying 1.14 <60 Yang et al.
(2019)

PPy/tissue paper dip-drying 4.8 <5.5 Zhao et al.
(2020a)

Au nanowires/paper dip-drying 1.14 0−5 Gong et al.
(2014)

Au nanowires/paper dip-drying/priting 1.5 0.03−30.2 Gao et al. (2019)

Ti3C2Tx/tissue paper coating/priting 3.81 0.982−10 Guo et al. (2019)

Ti3C2Tx/cotton fabric dip-drying 5.3 0−1.3 Zheng et al.
(2020b)

rGO/cellulose fabric soak-annealing 2.77 0−0.2 Wu et al. (2020)

PPy/yarn polymerization 0.187 0−15 Ding et al. (2020)

rGO-CB/paper spraying 0.0059 0−50 Liu et al. (2019)

rGO-CB/loofah sponge self-assembly 0.66 0−0.5 Cao et al. (2020)

CB/fabric deposition/coating 0.585 0−35 Luo et al. (2016)

rGO/PDMS template method 0.251 0−2.6 Pang et al.
(2018)

rGO/PANI/sponge polymerization/freeze
drying

0.152 0−3.24 Ge et al. (2018)

common carbon
ink/paper

soak-drying 5.54 0.5−5 this work

aSensitivity= δ(ΔI/I0)/δP or δ(ΔR/R0)/Δp, where ΔI/ΔR is the relative change in current/resistance, I0/R0 is
the current/resistance of the sensor without loading pressure, and P is the applied pressure.

Pressure sensing mechanism

To elucidate the effects of the microstructure interface with different layers on sensors’ performances, the
�nite element analysis simulation is implemented to simulate the stress distribution between the active
layer and electrodes under different applied pressures (Fig. 5) (Shi et al. 2018). From Fig. 5a, b, the stress
distribution of sensor S2 with two-sided microstructure interfaces is larger than that of sensor S1. It
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should be noted that only one-sided microstructure contact interface is formed between the bottom
electrode and the active layer of the sensor S1. The upper electrode with adhesive of the sensor S1 is
combined tightly with the paper active layer, resulting in no microstructure contact interface (Fig. 5a, SEM
image of Fig. S4). Taking the stress distribution of the contact interface between the upper electrode and
the active layer of sensor S1 and S2 as an example, the stress distribution of sensor S2 is much larger
than that of sensor S1 under an applied pressure of 50 kPa (Fig. 5c). By comparing the average stress,
the average stress values of sensor S2 is also larger than that of sensor S1 (Fig. 5d). Therefore, a larger
deformation can occur at the interface between the electrodes and the active layer, promoting the
response of the piezoresistive sensor S2 (Pang et al. 2018; Park et al. 2014; Shi et al. 2018). In addition,
due to the two-sided microstructure interfaces, the current of sensor S2 (0.12 mA, Fig. 4a) is less than that
of sensor S1 (0.57 mA, Fig. S6) under no loading pressure, which provides a larger current response
space for the piezoresistive response of the sensor. The above simulation analysis and experimental
results are consistent with paper-based piezoresistive sensors with multilayer microstructure reported
previously, but in this work, a more simple and low-cost method is used to construct a high-performance
paper-based piezoresistive sensor.

Demonstration of multiple applications

Although the paper has no water resistance, the piezoresistive sensor has good waterproof performance
by PI tape encapsulation. As shown in Fig. 6a, the piezoresistive sensor placed in water still has effective
response to different �nger pressing (Movie S1). In addition, the temperature change in the range of
20−50 °C has no effect on the piezoresistive sensor (Fig. S9). Thanks to the good �exibility of the paper
and polyester conductive tape electrodes, and the high sensitivity in wide detection range of the
piezoresistive sensor, it can be used for a variety of wearable detection. Fig. 6b shows wrist pulse
response curves of the sensor before and after running. In the relaxed state, the wrist pulse rate is about
74 beats per minute (bpm). After running, the wrist pulse rate increases rapidly to 108 bpm, which is
consistent with the normal physiological phenomenon (Gong et al. 2014; Tian et al. 2020). In the detail
enlarged view (Fig. 6c), two clearly obvious peaks P1 (systolic peak) and P2 (diastolic peak) can be
clearly distinguished, which is similar to previous reports (Choong et al. 2014; Li et al. 2020b; Tian et al.
2020). By attaching the sensor to the larynx, it can be used to recognize different words (Fig. 6d). The
sensor can be also used to detect different �nger bending (Fig. 6e) and abdominal breathing respiratory
rate (Fig. 6f). In addition, the sensor is pasted under the insole and can be used to monitor the foot
movement (Fig. 6g, Movie S2). Through simple integration, a sensor array (3*3) is fabricated as shown in
Fig. 6h. For simulating the pressure distributions, �ve weights with different masses are placed in
different sensor units of the sensor array (Fig. 6h). By testing the response of each sensor unit, the
pressure distributions are revealed as shown in Fig. 6i.

In the fabrication process of the piezoresistive sensor, it shows the characteristics of green environmental
protection (without expensive raw materials, toxic reagents and special equipment). In order to reduce the
environmental pollution caused by electronic devices, it is necessary to dispose the sensors in a low-cost
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and harmless way. Thanks to the �ammability of paper and polyester conductive tape, the piezoresistive
sensor can be easily ignited and carbonized, indicating another green feature (Fig. 7) (Zhang et al. 2020).

Conclusion
In summary, a low-cost, eco-friendly �exible piezoresistive sensor was designed and fabricated by
utilizing the common cellulose paper, polyester conductive tape and carbon ink. In the fabrication
process, the sensor does not involve complex techniques and expensive/toxic raw materials/reagents. In
addition, the piezoresistive sensor has very low cost (far less than 0.01 USD for each sensor) and can be
disposed of in an eco-friendly way. By constructing a two-sided microstructure interfaces between the
electrodes and the active layer, as-fabricated piezoresistive sensor has high pressure sensitivities of 5.54
and 1.61 kPa−1 in the wide linear ranges of 0.5−5 and 5−60 kPa, respectively. Bene�tting from the high
sensing performance in a wide response range, the piezoresistive sensor has multiple wearable
applications (e.g., wrist pulse, speech recognition, �nger bending, abdominal respiration, counting steps,
and pressure distribution). Combined with the results of sensing performance and mechanism analysis,
this study demonstrates a simple and universal strategy for the design of piezoresistive sensor from the
microstructure interface between electrodes and active layer. Furthermore, we believe that this work will
have signi�cant impacts on the fabrication of other electronic devices using daily materials such as
carbon ink and �exible polyester conductive tape.
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Figures

Figure 1

a Demonstration of the use of carbon ink and paper for writing. b Schematic illustration of fabrication
procedures of the piezoresistive sensor with two-sided microstructure interface.
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Figure 2

a TEM image of the carbon ink. b SEM image of the paper, and the inset shows the high magni�cation
SEM image. c SEM image of the paper with carbon ink. d High magni�cation SEM image. e SEM image
of the polyester conductive tape. f Cross-section SEM image of the sensor S2 with two-sided
microstructure interfaces.
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Figure 3

3D pro�les pro�les of a carbon ink paper, and b polyester conductive tape.
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Figure 4

a Current response of the sensor S2 to increased cyclic pressures (0.1−70 kPa), and the inset shows the
current response in the low-pressure range of 0.1−0.5 kPa. b Responses of different sensors to different
pressures and corresponding linear �tting curves. c Four repetitive response curves of the sensor S2 at 2
kPa, and the inset shows the enlarged current response curve. d Durability test of the sensor S2 under a
pressure of 2 kPa for 5000 cycles.

Figure 5

a, b Stress distributions of the contacted microstructure of sensors S1 and sensors S2 with the applied
pressure (5−50 kPa). c Stress distributions between the upper electrode and the active layer of the sensor
S1 and S2 under an applied pressure of 50 kPa. d Average stress values of the sensor S1 and S2 under
different pressures.
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Figure 6

a Current response curve to different �nger pressure in water environment. b Wrist pulse response curves
before and after running. c Detail enlarged view. d Speech recognition (repeating three times for each
pronunciation). e Current response curve to different �nger bending state. f Current response curve to
different abdominal respiration rates. g Veri�cation of pedometer function. h Photograph of the different
weight distribution on sensor array. i Corresponding pressure distribution response. Operation voltage: 1
V.
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Figure 7

Photographs of disposable and degradable characteristics of the sensor. a ignition, b burning, c after
combustion. The sensor is easily ignited and can be carbonized within about 7 s in air and then becomes
ashes via slightly crushing.
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