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ABSTRACT: Flexible sensors with high sensitivity and reproducibility have critical
applications in various industrial fields. However, current sensors have not yet been
able to respond to diverse signal changes in the environment due to their poor
stability, weak conductivity, high cost, and time-consuming integration process.
Herein, we used dip-coating technology to prepare multifunctional rubber flexible
sensors which were based on the Chinese ink carbon nanoparticle (ICN) and water-
based glue. The prepared flexible sensors have the ability to sensitively detect
temperature, humidity, and strain signals. The conductive ICN can well adhere on
the elastic substrate (natural rubber latex glove), which gives the flexible sensors
excellent structural stability even after 500 cycles. The strain response and recovery
time of the flexible sensors are 132.8 and 133.8 ms, respectively. The flexible sensors can sensitively detect tiny pressure, human
body movements, pronunciation, and human facial expression. Moreover, the prepared high-performance flexible sensors can also be
used as temperature and humidity sensors, which displayed a good linear relationship between resistance change and the external
signals. This work developed a simple, green, high-efficiency, and low-cost flexible sensors, which shows promising potential in
wearable electronic devices for detection of strain, humidity, and temperature.
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■ INTRODUCTION

Flexible sensors are bendable or foldable devices that can
convert external stimuli such as deformation, temperature,
humidity, pressure, and force into electrical signal outputs.1 In
recent years, with the rapid development of intelligent
technology, flexible sensors are widely used in various fields,
such as temperature detection,2−4 humidity monitoring,5−7

human motion detection,8−12 generating electricity,13,14 and so
on. Flexible sensors are favored because of their recoverability,
light weight, and high flexibility.15−20 However, the complex
preparation process, low stability, poor conductivity, high cost,
and other shortcomings limit the practical application of
flexible sensors. Therefore, it is urgent to propose a flexible
sensor with simple preparation, low cost, and good stability.
Currently, the materials used in the preparation of flexible

sensors mainly include hydrogel,21−23 fiber,24−26 and rub-
ber.27−29 Compared with hydrogels and fibers, rubber
materials have the advantages of high elasticity, abrasive
resistance, and modulus. Therefore, rubber matrix materials are
more suitable for preparing flexible sensors. For all kinds of
flexible sensors, the conductive network is the core. There are
various methods to design the conductive network, such as
surface penetration technology,8 continuous wet-spinning,9

and dip-coating technology. Dip-coating technology is favored
because of its simple operation and short preparation processes
time. Inspired by this, this research intended to use dip-coating
technology to achieve rapid preparation of flexible sensors.

Carbon material is a good conductor for preparing flexible
sensors, such as carbon black,30,31 carbon nanotubes,32−34

graphene,35,36 and so forth. However, these materials used to
prepare flexible sensors usually require long preparation time
and high cost. Chinese ink, as a mixture of soot and animal
glue, has been widely used in calligraphy and brush painting in
East Asia for thousands of years.37 Generally, the carbon used
was either soot made by burning wood (usually pinewood) or
lampblack made by burning oil at a wick, while the animal glue
binder was manufactured mostly from the hides of mammals to
yield a strong collagen-based glue. The ink is mainly composed
of carbon nanoparticles, which possess many advantages such
as intrinsic color of black, good water-dispersion stability,
strong adhesion to material surfaces, proper fluidity, and
outstanding photothermal performance.38,39 Our previous
work verified that Chinese ink carbon nanoparticle (ICN)-
coated melamine foam has expressed excellent Joule heating
and photothermal effect, which show promising application in
strain sensor and seawater desalination.40 Jiang et al. used a
writing ink made from graphene nanosheet as a conductive
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component to prepare a flexible potentiometric sensor.41 In
addition, multifunctional sensors that combine multiple
functions into one sensor have become the research hotspots
recently.42,43 Integrating different monitoring functions on one
flexible sensor can measure several parameters at the same
time, and the collected information is concentrated and easy to
process. For instance, Yao et al. used surface penetration
technology by immersing natural rubber (NR) in carbon black
suspension to fabricate strain sensors that can detect weight,
sound pressure, and dripping of tiny droplets.8 Bi et al.
reported silver nanoparticle-modified polyimide for the
detection of multiple artificial skin sensing.44 These works
provide clues for us to develop multifunctional sensors, which
may detect more external stimuli with one device.
In this work, a multifunctional sensor that can detect strain,

temperature, and humidity was prepared using NR as the
flexile matrix and using ICN as the conductive network.
Polyvinyl alcohol (PVA) glue was used to increase the
interfacial adhesion between the ink and the rubber matrix
(Figure 1) because the molecular chain of PVA contains a large
number of hydroxyl groups which can form hydrogen bonds
with the surface of carbon materials. During the drying process,
the glue gradually solidifies, so that the ICN is well attached to
the NR matrix. The microstructure and the sensor perform-
ance of a series of flexible sensors were investigated in detail.
This simple, green, high-efficiency, and low-cost flexible sensor
can be applied to the detection of temperature, humidity, and
human movements, which may find great potential in wearable
devices and artificial intelligence. However, when these three

factors are changed at the same time, this flexible sensor does
not yet recognize their individual contribution.

■ RESULTS AND DISCUSSION

Characterization of Chinese Ink. ICN derived from
Chinese ink have a chemical composition and microstructure
similar to carbon black particles, which exhibit excellent
electrical conductivity. A series of characterizations for the
ICN were conducted. Figure S1A shows the appearance of the
ink. The Tyndall effect of the diluted ink was confirmed, as a
light beam can be observed upon irradiation of laser (Figure
S1B). This indicated that the particle size of the ink is in
nanoscale. The microstructure of ICN was then characterized
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (Figure S1C and 1D). It can be
observed that ICN exists in the form of small spherical
aggregates composed of amorphous flakes, with the size
ranging from 20 to 60 nm. The X-ray diffraction (XRD)
pattern of the dried ICN in Figure S1E shows a broad peak at
about 25°, which is attributed to the crystal plane (002) of
carbon. This typical characteristic is consistent with graphite
carbon materials.45 The Raman spectrum of the ICN (Figure
S1F) shows the D-band (1343 cm−1) and G-band (1587
cm−1), which indicates that Chinese ink contains amorphous
carbon and graphene sheet-like structures.46 UV−vis analysis
of diluted ink was then conducted (Figure S1G), and the result
suggested that the absorption peak at 255 nm is assigned to the
electronic conjugation in graphite.47 The particle size
distribution of ICN is shown in Figure S1H. It can be seen

Figure 1. Preparation process of the Ink/Glue/NR sensor: Chinese ink was mixed with PVA glue in different mass ratios (ink: glue = 0.5:1, 1:1,
1.5:1, 2:1, and 3:1) and stirred magnetically at 600 rpm for 30 min. Then, the ink/glue mixture was evenly coated on the surface of the NR latex
gloves and dried at 60 °C for at least 24 h. During the drying process, the PVA glue gradually solidifies, and the ICN can be adhered to the surface
of the gloves. Finally, the gloves was cut to the desired rectangular shape with a knife to prepare the Ink/Glue/NR sensor. The application field of
the Ink/Glue/NR sensor: human movement detection, temperature monitoring, and humidity monitoring.
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that the ICNs display a relatively narrow size distribution from
198.0 to 356.2 nm. The average size of ICN is 167.5 nm, while
the zeta potential of ICN is −25.8 mV. The survey and the
high-resolution spectra of XPS of nitrogen and oxygen element
(Figure S2) suggest that the components of ICN are carbon
and oxygen. C 1s and O 1s of the ICN appear at 284.5 and
533.2 eV, respectively. Carbon and oxygen contents in ICN are
84.3 and 15.7%, respectively.
Characterization of Ink/Glue Composites. The surface

structures of the Ink/Glue composites and raw NR were
observed using an SEM machine (Figure 2). It can be clearly
seen that the surface of the NR exhibited a lamellar structure
with a moderate roughness. When the Ink/Glue composites
were coated on the rubber surface, the lamellar structure
cannot be observed in the SEM images, indicating that the
Ink/Glue composite layer can cover the rubber surface well.
After the Ink/Glue composites were introduced on the rubber
surface, a porous structure was found. This phenomenon can
be attributed to the non-uniform volatilization of water in the
ink and glue mixture, which leads to the phase separation. As
the mass ratios of ink:glue increases, the number of pore

structures becomes higher. The SEM images at 80,000X show
that the ICN embedded in PVA glue is uniformly dispersed in
the rubber surfaces, and the morphology of the ICN is similar
to the initial sphere-like morphology, suggesting that the ICN
shows no structural change during the coating and curing
process.
The Fourier transform infrared spectroscopy (FTIR)

spectrum of the Ink/Glue composites was then determined.
As shown in Figure 3A, the PVA glue exhibited typical
absorption peaks around 3300, 2850−3000, 1750−1735, 1141,
and 1150−1085 cm−1, which are assigned to O−H, C−H, C
O, C−O, and C−O−C groups, respectively.48 The ink and
glue composites showed the IR absorption peak of both PVA
and ink, and the IR peaks of the PVA were partly shielded by
the ICN. It is supposed that the compatibility between PVA
glue and the ICN is good because they have hydrogen bonding
interactions between hydroxyl groups of PVA and the oxygen-
containing groups of the ICN. The XRD results of Ink/Glue
composites are shown in Figure 3B. Basically, XRD profiles of
Ink/Glue composites exhibited the characteristic peaks of both
PVA (2θ = 19.5°, assignment of strong intermolecular and

Figure 2. SEM images of the surfaces of NR (A) and different ink/glue-coated NR multifunctional sensors (B).
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intramolecular hydrogen bonding of PVA) and ICN (2θ =
29.0°, 002 crystal plane).49,50 The (002) crystal plane of ICN
shifts to a high diffraction angle because there are hydrogen
bonding interactions between PVA and ICN. Figure 3C shows
the electrical conductivity of the Ink/Glue composites with
different Ink/Glue mass ratios. When the ratio of ink and glue
is 1:1, the conductivity of the Ink/Glue composite is 0.064 s/
m. The conductivity of the composite increases rapidly when
the mass ratios increase to 3:1, and its conductivity reaches to
2.520 s/m. This suggested the good conductivity of the ICN
and the good interfacial interactions in the composites. The
weight ratio of the Ink: Glue of 2:1 was used in following
testing. As shown in Figure 3D, the Ink/Glue composites were
used in stretch−recovery cycle (each strain is about 50%) to
detect the change of conductivity. The results show that the
composite can maintain good conductivity even after being
subjected to multiple stretch−recovery cycles (the resistance
only increases to 115.8% of the initial value after 2000 cycles),
indicating that the sensor has the ability to be used for a long
time. When the Ink/Glue composites were changed at different
shapes, such as twisted (Figure 3F) and bent (Figure 3G), the
brightness of the LED bulb is consistent with the initial state
(Figure 3E) of the Ink/Glue composites. This illustrated that

the Ink/Glue composite is a conductor with excellent flexibility
and stability.
Ink/Glue composites have high stability to withstand diverse

harsh environments. As shown in Figure S3A, we put the
composites in 1 mol/L HCl, 1 mol/L NaOH, and 0.01 mol/L
phosphate buffered saline (PBS) for 30 days. After 30 days, the
Ink/Glue composites were taken out. It was found that the
Ink/Glue composites still adhered well to the NR, which
proved that the Ink/Glue composites have excellent adhesion
and resistance to various environments. In addition, the Ink/
Glue composites can remain stable in 0.01 mol/L PBS, which
provides a potential application for wearable electronic devices.
The conductivity of the sensor decreases very little after being
immersed in different environments for 30 days (Figure S3C),
which can preliminarily indicate that the sensor can remain
stable in a common environment.

Performance of the Ink/Glue/NR Sensor. Ink/Glue
composites with a mass ratio of ink: glue of 2:1 were selected
as strain sensors in virtue of their comprehensive properties.
When the mass ratio of ink: glue is 3:1, the conductivity is
indeed the largest (Figure 3B), but the sensing performance is
worse than 2:1. The strain sensitivity of the sensors was first
studied. Figure 4A,B show the changes in the relative resistance

Figure 3. (A) FTIR of Ink/Glue composites with different mass ratios. (B) XRD pattern of PVA glue and Ink/Glue composites with different mass
ratios. (C) Conductivity comparison of Ink/Glue composites. (D) Change of electrical conductivity of Ink/Glue (2:1) composites after different
stretch−recycle cycles. Photographs showing the stable illumination of the LED bulb when the Ink/Glue (2:1) composites were (E) straight, (F)
twisted, and (G) bent.
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R/R0 of the strain sensors in six tensile release cycles of 25, 50,
75, 100, 125, and 150%. It can be clearly seen that in each
stretch−release cycle under large strain, the relative resistance
R/R0 of the sensor is basically the same, which shows that the
strain sensor has excellent stability and high elasticity under a
maximum strain of 150%. Furthermore, it is worth mentioning
that the strain sensor could still hold quite stable output signals
even after 500 cycles at a strain of hand stretch (Figure 4C),
demonstrating excellent stability and repeatability. As shown in
Figure 4D,E, the resistance changes ΔR/R0 as a function of
strain (ε) of the sensor were plotted, and the corresponding
gauge factor (GF) (GF = (ΔR/R0)/ε) was calculated to
evaluate the electrical sensitivity of the strain sensor. What is
interesting is that the relationship between the sensor’s
resistance change and strain fits a quadratic function
relationship (Figure 4D).51,52 At the same time, it can be
found from the calculation formula of GF that when the
relationship between the sensor’s resistance changes and strain
fits the quadratic function relationship, GF and strain become
proportional (Figure 4E). Therefore, Chinese ink is superior to
carbon black, graphene, and carbon nanotubes in terms of
sensitivity, response time, linearity, and cost of fabrication
(Table S1).
The strain sensor can also capture the deformation caused

by pressing gently and gave regular response signals accurately
(Figure 4F). The response and recovery performances of the
strain sensors were tested by quickly stretching and releasing
(Figure 4G). The strain sensors exhibited the characteristic of
same response and recovery time, indicating the good
repeatability and structural stability of the sensor. The

response or recovery time of the sensor is 132.8 (Figure 4H)
and 133.8 (Figure 4I) ms, respectively. This suggests that the
sensor has a quick response ability, which can find application
in practical strain detection.

Applications in Pressure Monitoring. One of the
applications of Ink/Glue/NR sensors is pressure detection.
At first, the pressure sensor was fixed on the table with tape
and connected to the electrometer with electric wires. Then,
the tester pressed the sensor with different fingers, and the
resistance change of the sensor was carefully recorded. When
the pressing fingers were different, the resistance change of the
pressure sensor was also obviously different (Figure S4).
The sensor was attached to the microphone of a mobile

phone (Figure S5A), and a slight change in pressure was
achieved by changing the sound volume of the mobile phone.
As shown in Figure S5B−D, when the same bell sound is
played with the mobile phone, the resistance of the sensor
changes. The pressure sensor can accurately detect changes in
decibels. Different decibels produce response signals corre-
sponding to different intensities. The greater the decibel was,
the greater was the value of ΔRmax/R0. The response signal at
the same decibel has excellent stability and repeatability. The
results show that the pressure generated by the sound can be
accurately detected by the pressure sensor.
The pressure sensor was then attached onto a steel ruler for

demonstrating its ability to detect the physical vibrations
(Figure S6A,B). When the ruler vibrated, the first vibration
amplitude was the largest, the vibration amplitude of the steel
ruler gradually decreased due to the friction of the air, and
finally, the vibration of the ruler reached a standstill. As shown

Figure 4. (A) Dynamic stretch−release cycle response of the sensor for various strains from 25 to 150%. (B) Stretch−release cycles for 25, 50, and
75%. (C) Cycle stability test of the sensor during bending and extending stretching and releasing. (D) Response of the resistance of the sensor to
strain. (E) Gauge factor of the sensor. (F) Response of the sensor to strain caused by gently pressing. (G) Instant response of the Ink/Glue
composite, which shows response time and recovery time of 132.81 (H) and 133.79 (I) ms, respectively.
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in Figure S6C, the pressure sensor exhibited a superb and
stable response to damped vibration of the ruler. Figure S6D
shows the enlarged view of the green dotted box in Figure S6C,
which demonstrates the gradual change in resistance. These
results suggest that the pressure sensor can be applied in
detection of various vibrations in human daily life.
Applications in Detection of Human Movements. The

Ink/Glue composites were coated by dip-coating technology

on the outer surface of the NR, while the inner surface of the
Ink/Glue/NR sensor was insulated. In order to detect human
movements, the inner surface of the Ink/Glue/NR sensor
directly contacts the tester’s body. Due to its excellent
performance, the strain sensor can detect different human
movements, from large (joint movements) to tiny (breathe)
scale. Figure 5A shows that the bending of the cervical vertebra
can be detected by attaching the strain sensor to the cervical

Figure 5. Detection of human movements: (A) nodding; (B) elbow movements; (C) breathing; (D) wrist movements; (E) standing and walking;
(F) finger movements; and (G,H) detection of pronunciation.

Figure 6. Schematic and photographs showing the process of humidity detection (A,B) and the recorded current resistance signals when closing
and removing the humidity sensor to the humidifier (C). Relationships show current patterns in the process of changing humidifier’s power (D)
and ΔRmax/R0 (E).
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vertebra. The value of ΔR/R0 increased rapidly with increasing
bending of the cervical vertebra and returned to the original
values when the cervical vertebra was straightened. Repeated
bending and straightening of the cervical vertebra at the same
angle produced regular and periodic steady sensing signals.
Figure 5B,D,E,F also shows that the bending of the elbow,
wrist, knee, and finger joints can be sensitively detected by
attaching the strain sensor to the elbow, wrist, knee, and finger.
The strain sensor can also be used to detect tiny human

movements effectively. As shown in Figure 5C, signals from a
volunteer breathing through his belly can be detected. Besides,
speech recognition can be achieved by attaching the sensor to
the throat. Figure 5G,H shows the strain sensor response
signals when the tester said different words such as “one,”
“two,” “three,” “four,” “carbon,” “ink,” “glue,” and “sensor” and
made a swallowing motion. When the tester says different
words, the vocal cord vibrations corresponding to the different
words are different, which leads to the change of output signals
corresponding to the strain of the sensor. Moreover, the strain
sensor can also be applied to detect small changes in facial
expressions. Figure S7 shows the signal response of the strain
sensor when the tester frowns, smiles, and winks. These results
show that the sensor provides potential applications for human
movement and human health monitoring.
Applications in Humidity Monitoring. Another appli-

cation for prepared Ink/Glue/NR sensors is to detect changes
in ambient humidity. Here, a humidifier (Y600, Yutu, China)
was used to simulate the change of environmental humidity.
The humidity around the sensor can be changed by moving
the sensor close to the humidifier and away from the
humidifier (Figure 6A,B). As shown in Figure 6C, when the
humidity around the sensor increases, the resistance increases,
and when the sensor is far away from the humidifier, the
resistance returns to the original resistance. This phenomenon
can be attributed to when the humidity increases, water
molecules in the air enter the conductive network of the
sensor, resulting in an increase in sensor resistance. While the
environmental humidity decreases, the water molecules are

removed from the conductive network, the conductive network
recovers, and the resistance decreases. When the power of the
humidifier changes, the ΔRmax/R0 of the sensor also presents
different values. The humidity corresponding to the maximum
humidification power of the humidifier is defined as 100%, and
the change of environmental humidity is simulated and
adjusted by changing the power of the humidifier. It can be
seen that when the ambient humidity increases proportionally,
the ΔRmax/R0 of the sensor also increases proportionally
(Figure 6D,E). The humidity detection ability of the sensor
can be attributed to the change of the reversible resistance
when the water steam enters and escapes the conductive
network of ICN.

Applications in Temperature Monitoring. Interestingly,
the conductive Ink/Glue composites proposed in this work
exhibit high stability in temperature monitoring. As the
schematic given in Figure 7A shows, a 200 mL beaker was
filled with 180 mL of dimethyl silicone oil, and a thermometer
was placed in the beaker. The temperature sensor was attached
to the outer wall of the beaker with tape, and the temperature
sensor was connected to the multimeter with electric wires.
The temperature around the sensor increased by heating the
beaker. As shown in Figure 7B, as the temperature increases in
the temperature range of 10−90 °C, the resistance of the
sensor gradually decreases. Similar to the mechanism of
humidity sensing, when the ambient temperature increases, the
conductive network shrinks due to heat, and the resistance
becomes smaller. While the ambient temperature drops, the
movement of the conductive particles is restricted, so the
resistance increases. An approximate linear relationship (R2 =
0.9444) of the Ink/Glue with a 1:1 ratio was found in the
temperature range of 15−80 °C. Therefore, the resistance of
the sensor is inversely proportional to the environment
temperature. Therefore, the sensor can be used to display of
danger signals to prevent burning or scalding. The temperature
resistance response of the sensor can also be displayed by the
brightness of the LED bulb. When we put the temperature
sensor in liquid nitrogen at room temperature (Figure 7D), we

Figure 7. (A) Schematic diagram of the Ink/Glue/NR sensor used for temperature detection; (B) resistance changes of the sensor in relation to
temperature; (C) circuit diagram of the LED bulb in series with the temperature sensor; (D) brightness of an LED bulb when the sensor is placed
at room temperature; (E) brightness of the LED bulb when the temperature sensor is placed in liquid nitrogen; and (F) brightness of an LED bulb
when the sensor is removed from the liquid nitrogen and returned to room temperature.
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can find that the brightness of the LED bulb is dimmed
(Figure 7E); when the sensor is taken out of the liquid
nitrogen and gradually returned to room temperature, the bulb
will brighten again (Figure 7F), indicating that the sensor can
withstand ultralow temperature.
The Ink/Glue/NR sensor used for temperature detection

can also be reflected in the temperature change caused by light
irradiation. Herein, we use xenon lamp light to simulate
sunlight. Figure S8A shows the detection process of light. The
surface temperature of the sensor can be changed by placing
the sensor in the xenon light source. When the light source
shines on the surface of the sensor, the temperature of the
sensor gradually rises, and it has been verified that the
resistance of the sensor decreases when the temperature rises.
Figure S8B,C,D shows resistance changes of the multifunc-
tional sensors when we put the sensor under xenon light and
move the sensor away from xenon light. When the sensor is
illuminated, the sensor absorbs the energy of the light and
raises its own temperature. Previously, it has been confirmed
that the resistance of the multifunction sensor is inversely
proportional to the temperature, so when the temperature
increases, the resistance of the sensor decreases. Similarly,
when the sensor is no longer exposed to light, its surface
temperature will gradually decrease, and so the resistance
increases. As the light intensity increases, the resistance of the
sensor changes more. When the sensor is illuminated again
because its own temperature will not immediately drop to the
initial value, ΔR/R0 cannot be returned to 0. This leads to a
baseline deviation in the ΔR/R0 versus time curve. As the
number of cycles increases, the overall temperature of the
sensor is on the rise, so ΔRmax/R0 are gradually decreased.

■ CONCLUSIONS

Flexible sensors of NR with various detection functions were
successfully prepared using dip-coating technology using
Chinese ink and PVA glue as raw materials. SEM character-
ization of the sensor demonstrated that ICN was well coated
on the NR surface with high stability with the help of PVA
glue. The excellent stability of the sensor allows it to be used to
detect various types of human movement, such as large human
movements walking and elbow bending, as well as tiny human
movements such as breathing and pronunciation. Moreover,
the monitoring of temperature, humidity, and pressure by Ink/
Glue/NR sensors can be used for special tasks, such as
environmental survey, earthquake prevention, and so forth.
Ink/Glue/NR sensors developed in this work have the
advantages of good stability, low price, and easy functionaliza-
tion, which provides a platform for the market of human
wearable devices. The raw materials of Chinese ink and PVA
glue for preparing the sensor are cheap and easy to obtain,
which provides a bright prospect for the introduction of
flexible wearable devices in the industry.

■ MATERIALS AND METHODS
Materials. Chinese ink (Zhujiang brand) was purchased from

Guangzhou jinjian office manufacturing plant, China. PVA glue (NO.
15) was obtained from Shanghai Double Happiness Co., Ltd. NR
latex gloves were purchased from Haimen Yangzi Medical Equipment
Co., Ltd., China. Dimethyl silicone oil was purchased from Sinopharm
chemical reagent Co., Ltd., China. PBS was purchased from Thermo
Fisher Scientific Inc., USA.
Preparation of Ink/Glue Composites. The solid content of raw

ink was determined as 11.46 wt.%. The ink was mixed with PVA glue

in different mass ratios (ink: glue = 0.5:1, 1:1, 1.5:1, 2:1, and 3:1) and
stirred magnetically at 600 rpm for 30 min.

Preparation of Flexible Sensors. The ink/glue mixture was
evenly coated on the surface of the NR latex gloves and dried at 60 °C
for at least 24 h. During the drying process, the PVA glue gradually
solidifies, and the ICN can be adhered to the surface of the gloves.
Finally, the glove was cut to the desired rectangular shape with a knife
to prepare the Ink/Glue/NR sensor. When the sensor was prepared,
the conductivity was tested. If the conductivity of the newly prepared
sensor was basically consistent at different regions, it could be
considered that the mixture of Chinese ink and glue was uniform.

Characterization of Chinese Ink. 0.05 wt % Chinese ink
dispersion was prepared for determination. The morphology of
Chinese ink was analyzed by TEM (JEM, 1400 Flash, USA) and SEM
(Zeiss Sigma 500, Germany). The XRD pattern was determined by
XRD (Rigaku, Miniflflex600, Cu-Kα, Japan) at an accelerating voltage
of 40 kV and the current of 40 mA. The XPS machine (Thermo
SCIENTIFIC K-Alpha) was performed to analyze elemental
distribution and contents of ICN. Raman spectra of the ink dispersion
were conducted with a Raman spectrometer (Lab RAM HR
Evolution, HORIBA, Japan). The UV−vis spectrum was obtained
by a UV−visible spectrophotometer (Evolution 201, Thermo
Scientific, USA). The particle size distribution and ζ potential were
obtained using a Nano ZS ζ-potential analyzer (Malvern Instruments
Co., U.K.).

Electrical Conductivity Determination of Ink/Glue/NR
Sensors. The conductivity was measured with a multimeter (Fluke
17B+). The conductivity was calculated according to the following
formula:

=G
L

RS (1)

where G is the conductivity (S/m), L is the length of the sample in
the energized direction (m), R is the resistance of the sample (Ω), and
S is the cross-sectional area of the sample perpendicular to the
direction of energization (m2).

Stability Test of Ink/Glue/NR Sensors. In order to test the long-
term stability of the Ink/Glue/NR sensor, the stretch−recovery cycle
test was used. The Ink/Glue/NR sensor used here was covered by a
composite with a mass ratio of ink to glue of 2:1. First, the Ink/Glue/
NR sensor was connected with the electrometer, then the tester holds
the fixture of the electrometer and continuously pulls the Ink/Glue/
NR sensor by hand, and the amplitude of each stretch remains the
same.

The Ink/Glue/NR sensor coated with a composite with a mass
ratio of ink and glue of 2:1 was used to measure its initial resistance
(R0). Then, 100, 200, 500, 1000, and 2000 stretch−recovery cycles
were performed, and its resistance with a multimeter was measured
immediately after the end of each stage of stretch−recovery cycle.

In order to illustrate that the ink/glue composite was a conductor
with excellent stability and flexibility, the Ink/Glue/NR sensor was
connected with a LED lamp and a power supply. The sensor was bent
and folded to observe the brightness of the LED lamp, and the
brightness of the bulb was compared when the sensor was standing
still.

The sensor was put into three bottles with 1 mol/L HCl, 1 mol/L
NaOH, and 0.01 mol/L PBS. The bottles are stored in the dark at 25
°C for 30 days. After 30 days, the sensor was observed to check
whether the ink/glue composite still adhered to the NR matrix.

Strain Detection Performance. The Ink/Glue/NR sensor was
connected with the electrometer and stretched gently, and the signal
response was recorded. Tape was used to stick the wires on the table
to minimize the shaking. The response and recovery time of the Ink/
Glue/NR sensor was calculated. The pressure sensor performance was
also conducted in a similar way. The tester gently pressed the sensor
with his different fingers, and the signal response was recorded with
an electrometer.

Humidity Monitoring. First, the sensor and the electrometer
were connected with electric wires. Whether the sensor responded to
changes in humidity was determined by moving the sensor close to
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and away from the humidifier. After confirming that the sensor had a
signal response to humidity, humidification efficiency of the
humidifier (33.3, 66.7, and 100%) was adjusted to measure the
relationship between the resistance response signal of the sensor and
the humidity.
Temperature Monitoring. The sensor was attached to the outer

wall of the beaker with tape, and a thermometer was put inside the
beaker. Dimethyl silicone oil was added to the beaker, and the sensor
temperature (10−90 °C) was changed by heating the oil. Sensor,
power supply (voltage of 5 V), and an LED lamp were connected in
series to constitute a circuit. The sensor was placed at room
temperature (25 °C), and the LED lamp was lit; then, the sensor was
placed in liquid nitrogen to observe the brightness of the LED lamp.
Then, the sensor was removed from the liquid nitrogen, and the
brightness of the LED lamp changed and was observed by placing it at
room temperature.
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Figure S1. (A) The photo of Chinese ink. (B) Chinese ink dispersion with a distinct 

Tyndall scattering effect. (C) TEM image of ICN. (D) SEM image of ICN. (E) The 

XRD pattern of ICN. (F) Raman spectrum of ICN. (G) UV-vis spectrum of ICN 

dispersion. (H) Particle size distribution and zeta potential of ICN dispersion.
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Figure S2. (A) The survey of XPS spectra of ICN. (B) The contents table of ICN. 

High-resolution curves of (C) O, and (D) C.

Figure S3. (A) Ink/Glue/NR sensors placed in different environments: (1) 1 mol/L 

HCl; (2) 1 mol/L NaOH; (3) 0.01 mol/L PBS; (B) The appearance before and after the 

Ink/Glue/NR sensors were placed in different environments for 30 days. (C) Change 

of electrical conductivity of Ink/Glue/NR sensor before and after immersing.
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Figure S4. (A) Resistance changes of Ink/Glue/NR sensor upon pressure by different 

fingers: (B) thumb, (C) index finger, (D) middle finger, (E) ring finger, and (F) little 

finger.

Figure S5. (A) The image of the detection process of mobile phone vibration. The 

resistance signal change when mobile phone plays different volume: (B) maximum 

volume; (C) 80% of maximum volume; (D) 60% of maximum volume.
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Figure S6. (A) Detection of ruler vibration; (B) Schematic diagram of vibration 

detection; (C) Resistance changes of multifunctional sensor in the process of ruler 

vibration; (D) One of resistance changes in (C).

Figure S7. Detection of human facial expression: (A) frown; (B) smile; (C) wink.
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Figure S8. (A) Diagram of an Ink/Glue/NR sensor used to detect temperature changes 

caused by light irradiation. Resistance changes of Ink/Glue/NR sensors when different 

light intensity shines on Ink/Glue/NR sensor: (B) 60%; (C) 80%; (D) 100% intensity 

of xenon lamp.
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Table S1. Comparison of the performance and price between Chinese ink and other 

carbon materials.

Materials Stretchability Gauge factor Response time Price

Carbon black1 1.6% 1.8 340 ms

Carbon black2 10% 2.1 40 ms

Carbon black3 50% 1.13 -

$20-25/kg

Carbon 

nanotube4
700% 3.39 300 ms

Carbon 

nanotube5
74% 58.7 -

$20,000-30,

000/kg

Graphene6 300% 25.2 80 ms

Graphene7 - 10.28 112 ms

Graphene8 100% 7.1 -

$200-2,000/

kg

ICN 150% 10.2 132.81 ms $18.4/kg
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