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Abstract

Flexible pressure sensors are of great importance to be applied in artificial intelligence
and wearable electronics. However, assembling a simple structure, high performance
capacitive pressure sensor, especially for the monitoring of the flow of liquid, is still a big
challenge. Here, based on a sandwich-like structure, we propose a facile capacitive pressure
sensor optimized by a flexible, low-cost nylon netting, showing many merits including high
response sensitivity (0.33 kPa™) in a low-pressure regime (< 1 kPa), ultralow detection limit
as 3.3 Pa, excellent working stability after more than 1000 cycles, and synchronous
monitoring for human pulses and clicks. More important, this sensor exhibits ultrafast
response speed (<20 ms), which enables its detection for the fast variations of a small applied
pressure from the morphological changing processes of a falling droplet onto the sensor.
Furthermore, a capacitive pressure sensor array is fabricated for demonstrating the ability to
spatial pressure distribution. Our developed pressure sensors show great prospect in practical

applications such as health monitoring, flexible tactile devices and motion detection.

Keywords: graphene; capacitive pressure sensor; flexible electronics; sandwich-like structure;

nylon netting
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1. Introduction
Flexible sensors are widely applied in electronic skins,'” biomedical diagnostics,””

human-health monitoring, motion detection®’ and wearable devices.*” In recent, types of

14 7,15-18

sensors including piezo-capacitive,'™'* piezoresistive, piezoelectric,”?° field-effect

21-22 4

transistor (FET) and trielectronic>>* sensors have been constructed for compression
detection. Particularly, flexible pressure sensors based on capacitance effect are characterized
by low energy consumption, excellent stability and fast dynamic response.zs'29 It has been

reported by previous works that many conductive materials such as 2D (two-dimensional)

8,30-32 34-38 110,39

materials, nanowires,”> metallic materials, and polymer ge are involved in
fabrication of sensor electrodes. The pressure sensors with short period of response time have
been focused on and shown promising application prospect, especially for the artificial
intelligence. For instance, the pressure sensors based on a bioinspired porous dielectric layer
between two ITO/PET electrodes, yield a rapid response time of 40 ms.** And it takes short
time of approximately 63 ms for a CNT microyarn-based pressure sensor to identify applied
pressures.” However, rare articles have pointed out that the flexible pressure sensors are able
to detect dynamic changes of slight pressure with short intervals.

Recently, the main routes to enhance the responding performance of capacitive pressure
sensors are changing conductive materials, transduction mechanism and encapsulation
process. For the unique characteristics of its structure, the performance parameters of the
capacitive pressure sensor are dominantly determined by two critical factors which are (1) the

33,40

conductive material of two electrodes and (2) the material and structure of dielectric
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layer.'*! Referring to the dielectric layer, many complex models including micro-scale

37,42-43 10,12,41

. . . 44 . . 45

pyramids, microporous structures microdomes,  micro-pillar arrays,” rough
interfaces®® and other types” are proposed to boost the sensing sensitivity. However,
fabrication of those kinds of microstructures requires intricate processes like traditional

30,3

lithography and e-beam evaporation.’***> Moreover, some indispensable materials and devices

such as Si mold,*” photoresist and shadow mask,*” nanowires,”* Ecoflex” and polymer gel'**
increase the manufacturing costs and time. Therefore, a nylon netting widely used in the
fabrication of solar battery™ was first selected as an optimal material for a dielectric layer in
our work, which reduces the costs as well as simplifies the manufacturing procedures.
Additionally, the nylon netting mainly composed by PET (Polyethylene terephthalate)
material shows regular microporous structure and eminent mechanical property, featuring our
pressure sensors with high sensing sensitivity, long fatigue life and fast response speed.

Here, we propose a piezo-capacitive pressure sensor based on the elastic nylon-netting
dielectric layer. The low-cost nylon netting layer with different thickness and mesh number
insulates two graphene electrodes, providing the based pressure sensor with excellent
pressure-sensing sensitivity of 0.33 kPa™ under the pressure of 1 kPa, an ultralow detection
limit of 3.3 Pa and outstanding mechanical stability after more than 1000 loading-unloading
cycles. Furthermore, this sensor exhibits ultrafast response speed as 20 ms, which enables its
detection for the small variations of applied pressures from the morphological changing

processes of a falling droplet onto the sensor. Additionally, we reveal the promising

applications of the pressure sensor in monitoring wrist pulse and answering mouse click. The
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low-cost sensor arrays with excellent spatial resolution and response performance show great

potential to be applied in the fields of electronic devices and wearable applications.

2. Results and discussion

Capacitive pressure sensors are fabricated by several processes, as illustrated in Figure
la. A thin conductive layer of graphene (size: 18 x 8 mm?®) was first transferred onto
PDMS-substrate (thickness: 650 pm, size: 30 x 30 mm?) by PMMA -assisted method. Then, a
silver wire with the diameter of 60 um was connected by silver paint as the bottom electrode.
Subsequently, a dielectric layer of nylon netting was covered onto the rest of the graphene
electrode without air gap. Finally, the prepared structure was covered by another top
graphene electrode, assembling a flexible sandwich-like capacitive pressure sensor. The size
of the single graphene electrode without sliver paste is 16 x 13 mm” while the effective area
of two face-to-face electrodes is 16 x 8 mm? after the complete of assembly. The Scanning
electron microscope (SEM) image in Figure 1b shows that the graphene layer on the
PDMS-substrate is homogenous. Raman spectra of graphene indicate high quality of the
samples (Figure S1). Moreover, the sheet resistance of the graphene electrode is about 1~10
kQ/o. The optical microscopy (OM) image shown in Figure lc indicates that the graphene
film on the flexible substrate is clean and flat over a large area. Three kinds of nylon-netting
dielectric layers with different mesh number, thickness and size are demonstrated in Figure
S2. Another OM image in Figure 1d shows that the nylon netting with a mesh number of 300

on the substrate is smooth, providing tremendously regular and uniform square holes. And
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there are also clear dividing lines from top to bottom in Figure 1d. To assess the
open-circuiting state and energy consumption of the pressure sensor, the changes of
resistance R;; between two electrodes and R;; in two ends of top electrode under different
loading pressure were recorded in Figure S3, which demonstrates the isolation of the sensor,
because the R;; is at a very high magnitude of ~10° Q, while the R, is at the level of *10* Q.
Specifically, parameters of sensitivity, working stability, detection limit and response
time are widely used to estimate the performance of pressure sensor.”’ The responding
sensitivity S is a decisive factor to evaluate the operating performance of the sensor and

defined as:

S:§(AC/C0) (1)
op

where Cp and C are the capacitance without and with loading pressure, respectively. The
relative change of capacitance is expressed by AC/Cy = (C — Cy)/Cy, and AC/Cy serves as a
function of the applied pressure p and the slope represents the sensitivity. Based on our
designed capacitive pressure sensor, it is clear that the dielectric layer consisting of nylon
netting exerts an enormous function on the sensor’s responding performance. Therefore, by
altering the mesh number of nylon netting to regulate the thickness of dielectric layer, three
kinds of nylon netting with different mesh number of 100, 200 and 300 were taken to
optimize the pressure sensors. The size including thickness and length of the square hole of
three nylon meshes are shown in Table S1. The impact of the different meshes in the pressure
sensitivity was plotted in Figure 2a. The sensor based on 300-mesh nylon netting exhibits an

improved sensitivity of 0.33 kPa™ under the low-pressure working range (0-1 kPa) and 0.007
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kPa™ under the high-pressure working range (1-5 kPa). The sensitivity of other sensors based
on 100-mesh and 200-mesh nylon netting were also calculated, as shown in Figure S4. As the
mesh number of the nylon netting increases, the sensitivity of the sensors increases. But,
when the mesh number is increased to 420, the capacitance change of the sensor is less than
that of sensors based on 200-mesh and 300-mesh nylon netting under the same pressure
(Figure S5). Therefore, there is a turning point that excessive mesh numbers of nylon netting
impact negative effects on the performance of pressure sensor. Owing to the high Poisson
ratio (0.47) and Young’s Modulus (600 kPa) modulus of the PDMS-substrate,’”* the
capacitance response of all these sensors rises sharply at the low-pressure range and changes
slightly at the high-pressure range with the increasing pressure. The sensitivity of our
fabricated sensors is comparable with the capacitive sensors previously.> %4>

For comparing the responding capability, capacitive pressure sensors based on 100-mesh,
200-mesh and 300-mesh nylon netting are subjected to a certain pressure of 500 Pa, as
exhibited in Figure 2b, showing noticeable capacitance responses of 36%, 78% and 108%,
respectively. Considering the preferable sensing actions from the pressure sensor based on
300-mesh nylon netting, a nearly linear pressure was applied to inspect the sensing ability of
the sensor. Figure 2¢ shows stable capacitance responses under pressure and returns to its off
state after removing the pressure. To investigate the restorability of the sensor, a typical
loading-unloading cycle is shown in Figure 2d, indicating that the sensing curve of the

unloading process of the pressure is in good agreement with that during the loading process.

And the response of the sensor returns to zero after removing the pressure. The tiny hysteresis
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between loading and unloading curve is due to the viscoelasticity of thin PDMS-substrate. A
further restorative test was conducted by applying stepped pressure on the pressure senor,
which leads to corresponding capacitance responses and demonstrates its outstanding
pressure identifiability, as shown in Figure 2e. And the pressure sensor restored to its initial
state in short time after the removal of the applied pressure, which shows the favorable
recoverability. Our pressure sensors also exhibit long fatigue life. The relative capacitance
variations remained stable after 1050 loading-unloading cycles under 400 and 1000 Pa
respectively, as illustrated in Figure 2f and S6. The capacitance responses of the pressure
sensor still reach to 82% and 125% under two applied pressures respectively, after 30-min
loading-unloading cycles, as shown in two insets of Figure 2f. Additionally, when the same
pressure is applied on the pressure sensor at different local places chosen randomly, the
capacitance responses keep stable (Figure S7), which demonstrates its positional indifference
for pressure detection.

The ability to detect ultralow pressure is also very important for the capacitive pressure
sensor. A distinguishable capacitance variation in Figure 3a results from the loading and
removal of a light butterfly, which generates a tiny pressure of ~ 3.3 Pa. For evaluating the
practical behavior in sensing ultralight objects, a staple was horizontally or vertically placed
on the pressure sensor, respectively that triggers to two distinctly different capacitance
responses, as shown in Figure 3b. Due to different contacting areas of the same staple, it
generates pressure with different values applying on the sensor. To verify the fast response

speed of the sensor for dynamic pressure, a sequence of liquid droplets was drop on the

ACS Paragon Plus Environment

Page 8 of 29



Page 9 of 29

oNOYTULT D WN =

ACS Applied Materials & Interfaces

sensor. In Figure 3c, the stepped escalation of the capacitance response is primarily
associated with the accumulation process of four water droplets on the sensor. Furthermore, it
is worth noticing the damped oscillation at the starting of each step, one of which is marked
by the black circle in Figure 3¢ and enlarged in Figure 3d. It is reasonable to think that the
oscillation is attributed to the elastic interaction between the droplet and the pressure sensor,
which leads to the dynamic change of the applied pressure until the water droplet keeps
steady. The process can be separated to four parts as marked by numbers in Figure 3d, each
of them was recorded by a high-speed camera. Specifically, Figure 3e-( shows the falling
process of a water droplet from a dropper due to the gravity, during which the droplet
acquires momentum and kinetic energy. After touching the pressure sensor, the gravity and
the momentum of the droplet jointly generated a compression and led to the morphological
change of the droplet, which is shown in Figure 3e-@ and corresponds to the maximum
response in Figure 3d-2). Subsequently, the aggregation state of the droplet in Figure 3e-3
indicates that the electrode combined with the water droplet bounced upward owing to the
elastic potential energy induced by the electrode deformation. Thus, the corresponding
capacitance response shown in Figure 3d-® falls down to a minimum point. The
consecutive elastic interaction and the capacitance variations reached a relatively stable state
because the elastic potential energy running out after a short time =~ 1s. In this stage, a stable
response value can be observed in Figure 3d-@ with a practically unchanging state of the
droplet in Figure 3e-@. According to the capacitance response shown in Figure 3d and the

interval between the captured photographs Figure 3e-1) and 3e-(2), the response time of the
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pressure sensor is less than 20 ms.

For convenient applications in human-health monitoring, the capacitive pressure sensor
based on 100-mesh nylon netting was adhered onto the wrist of a volunteer to monitor wrist
pulse via a scotch tape. The pressure-sensing signals are presented in Figure 4a, which are
clearly in good agreement with the frequency (~ 1Hz) of human wrist pulse. Therefore, the
sensor shows promising potential to detect weak biomedical signals. Furthermore, the high
sensitivity for human touch and fast response speed assure that it is also suitable to be applied
in mouse keys. In Figure 4b, the pressure sensor based on 300-mesh nylon netting exhibits
stable and synchronous responses to consecutive human clicks. It is also competent to
identify double clicks with the interval of hundreds of microseconds, as shown in Figure S8.
A single capacitive sensor is able to detect applied pressure but without spatial resolution. It
is reported previously that capacitive sensor array units optimize the responding performance
as well as spatial resolution under pressure”***'“** for application in biomedical diagnosis
and wearable devices, such as computer keyboard and human-motion detector.'''%4**° Figure
4c shows a 4 x 4 multipixel sensor array based on 300-mesh nylon netting, the size of which
is 20x20 mm®. The schematics of the fabrication process of the sensor array are illustrated in
Figure S9. For testing the spatial pressure resolution, a blue steel ball (500 mg) was placed on
the unit 2B with a loading pressure of 250 Pa of the sensor array, as shown in Figure 4c. A
3D (three-dimensional) distribution graph in Figure 4d clarifies that the highest capacitance
response located at the unit 2B, where the blue steel ball was placed. Simultaneously, other

adjacent units including 1B, 2A, 2C and 3B also show small capacitance variations, which is

10
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ascribed to the spreading deformation from the unit 2B under the gravity of the steel. And the
adjacent units have an offset of approximately 6.0 %. Because the diameter of the blue steel
ball is 5 mm, which is very close to the size of the unit 2B with the area of 5 x 5 mmz, and
the ball was not exactly placed at the pinpoint of center unit 2B. Another experiment has been
implemented that a cylindrical indenter with a much smaller bottom diameter of 1 mm is used
to apply pressure on the unit 2B, the adjacent units of which have a similar offset of less than
6.0%, as shown in Figure S10.

The comprehensive sensing performance of the pressure sensor based on the
piezo-capacitive effect is closely interrelated with its working mechanism, which is
interpreted in Figure 5. For avoiding an imperfect performance owing to the adhesiveness of
flexible substrate, a thin nylon-netting dielectric layer composed by the PET material mainly
serves as the function layer for optimization of the pressure sensor. Considering the special
microporous structure of the dielectric layer and the preferable flexibility of the electrode, the
sensor can easily achieve definite deformation with the compression of air gap between two
electrodes under loading pressure, which increases the effective area A slightly but decreases
the effective distance d evidently owing to the high Young’s Modulus (600 kPa) and Poisson
ratio (0.47) of PDMS-substrate.”** Based on the structure of the sensor, the capacitance of

the sensor without (Cy) and with (C) applied pressure can be expressed by:

e A +e,A
C0= air * “air dO NN “"NN (2)

C — 8airA;ir + gNNANN
d d’

)

Where ¢,;, and ey are the permittivity of air and dielectric layer respectively, 4,;- and Ayy are

11
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the effective area of air gap within the square holes of dielectric layer and remaining areas of

dielectric layer respectively. 4 4ir 1s the effective area of the air gap under the applied pressure.

d” and d is the effective distance of two electrodes without and with loading pressure
respectively. Accordingly, the capacitance response AC/Cy is calculated by:

A_C _ C_CO _ gairdOAt;ir‘ _gaird'Aair

=—ar , 4)
G G Epd A, +End Ay

Therefore, distinguishable and rapid capacitance responses to the applied pressure of the
sensor based on the sandwich-like structure demonstrate that the valid changes of 4 and d
with a stable ¢ are optimal factors for promoting the capacitance variation and pressure
sensitivity. In addition, it is feasible to modify the size of the porous dielectric layer and pore

distribution to tune the performance of based pressure sensors.

3. Conclusions

In summary, we developed facile capacitive pressure sensors based on the handy and
cost-effective nylon netting with microscale and regularly distributed square holes via a
high-efficiency and low-cost process. The capacitive pressure sensor shows a high sensitivity
up to 0.33 kPa in a low-pressure sensing range, excellent mechanical stability, long working
durability under 400 and 1000 Pa over 1050 repeating cycles, and ultralow detection limit
less than 3.3 Pa. Our designed pressure sensors are also able to detect pulse signals in real
time as well as identify human clicks for application in mouse keys. Meaningfully, the
simply-structured pressure sensor has fast response capability of 20 ms. The combination of

high sensitivity and fast response speed of the sensor facilitates its identification for

12
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dynamically changing pressure, such as the momentum transformation processes of a water
droplet drop on the sensor. Furthermore, a capacitive pressure sensor array with 4 x 4
multipixel shows high pressure spatial resolution, which meets the requirements to practical
application. We believe that this sandwich-like flexible pressure sensor with high sensitivity,
brilliant stability and dynamic detecting capability is an applicable candidate for wearable

devices and biomedical monitoring.

4. Experimental Section

Preparation of Graphene: Graphene was grown on the copper foil (thickness: 0.025 mm)
by the method of CVD, as reported by our previous work.'”>'? First, the copper foil
substrate was cut into suitable size and then put in the tubular furnace. Then, the tubular
furnace was heated to 1010 °C in 40 min under the environment of Ar (200 sccm) and H; (80
sccm) and keep annealing the growth substrate for 30 min. Subsequently, CH, (30 sccm) was
introduced into the tubular furnace for 5-8 min for synthesis of graphene, followed by pulling
the copper foil substrate out from the reaction zone rapidly for cooling down to ambient
temperature under the protection atmosphere of Ar (200 sccm) and H; (80 sccm).

Transfer of Graphene: A thin PMMA (mass fraction: 5%) film was coated on the grown
graphene in previous step and dried in the electrothermal blowing oven for 30 min. Then, the
dried sample was put onto the surface of 0.5 M FeCl; solution to etch the copper foil
substrate for 50-60 min, proceeded by transferring the floated graphene with the PMMA onto

the surface of deionized water (DI) water for several times to eliminate the remaining

13
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contaminants. Subsequently, a PDMS-substrate with the thickness of 650 um (Sylgard184:
Dow Corning =10:1) was first treated well by air plasma for 3 min to increase its
hydrophilicity and the floated graphene with clean PMMA film was transferred onto the
prepared PDMS-substrate and dried in an oven for 30-40 min. The dried sample was finally
soaked into an acetone solution heated at 50 °C to remove the PMMA, and the clean
graphene on the PDMS-substrate was obtained.

Processing of Nylon Netting: A customized nylon netting was first flattened using the
definite pre-pressure and cut into desirable size for convenient assembling. The as-prepared
nylon netting was closely fixed on the graphene electrode in the previous step by a scotch
tape to prevent the dielectric layer from moving or slipping in the assembling process and
avoid the adverse effect of the gap between the electrode and dielectric layer.

Fabrication of Capacitive Sensor Array: Clean and homogenous graphene electrodes of
pressure sensor array were first prepared by the above steps. Subsequently, the graphene film
on PDMS-substrate was fixed on a horizontal mechanical motion stage, followed by cutting
into applicable size for ideal graphene electrode stripes via the high-energy laser of a Avia
266 nm Solid State Q-Switched UV Laser (energy: 0.14W). A nylon netting was then closely
fixed on the ready-made graphene electrode stripes, which was orthogonally covered by
another graphene electrode stripes assembling a facile 4 x 4 capacitive pressure sensor array.

Structural Characterization and Performance Measurement of Pressure Sensors: SEM
images were captured using a Scanning Electron Microscope (Hitachi S- 4800) with the

operating voltage of 5 kV. Optical microscopy images were captured using an Optical
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Microscope (Zeiss Axio CSM 700). Raman spectra were measured by a Raman spectrometer
(HORIBA JY HR800) with 633 nm excitation laser. The sheet resistance of the graphene
electrode was measured by a RTS-9 four-point probes Resistivity Measurement System. The
ever-changing process of a droplet falling from above the pressure sensor till touching was
captured using a high-speed camera (PCO.1200 s/hs) with an image corresponding to 10 ms.
The capacitance was measured by An Agilent E4980A LCR meter with the performance in
Figure 2 at a frequency of 1 kHz and the practical applications in Figure 3 and 4 at a
frequency of 300 kHz using a 1V AC voltage, which was recorded via a Labview program.
The mechanical pressure was provided and recorded by a mechanical motion controller
(Zolix SC300-3A, 1.25 pum resolution) and a force gauge (Mark 10, 0.1 mN resolution) on a

stable experiment platform, which were driven by a computer.
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Figure 1. The fabrication processes and structural characterization of capacitive
pressure sensor. (a) The fabrication steps of the sandwich-like pressure sensor based on a
low-cost nylon netting with numerous microsized square holes. (b) SEM image of graphene
on PDMS substrate. (¢) OM image of nylon netting/graphene on PDMS substrate. (d) OM

image of nylon netting on PDMS substrate.
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Figure 2. Pressure responding capabilities of the capacitive pressure sensor base on a
handy Nylon netting. (a) Pressure-sensing sensitivity curves of pressure sensors based on
three nylon nettings with different mesh numbers. (b) Capacitance responses of pressure
sensors based on three nylon nettings with different mesh numbers under a pressure of 500 Pa.
(c) Capacitance responses of the pressure sensor based on 300-mesh nylon netting under
various applied pressures. (d) Capacitance responses of the pressure sensor based on
300-mesh nylon netting in a loading-unloading cycle. (e) Capacitance responses of the
pressure sensor based on 300-mesh nylon netting under the half-step loading-unloading
pressure circumstances. (f) Working stability and durability of the pressure sensor response
after 1050 cycles under the applied pressures of 400 and 1000 Pa, respectively. And two

insets are the capacitance responses after 30-min test under 400 and 1000 Pa respectively.
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Figure 3. Pressure-sensing performances of the capacitive pressure sensors under the
pressure of objects. (a) Capacitance response of the pressure sensor based on 300-mesh
nylon netting to the loading and removing of a butterfly (= 22 mg). (b) Capacitance responses
of the pressure sensor to a staple (= 81 mg) with two contact interfaces. (c) Capacitance
responses of the pressure sensor to the fallen droplet (= 20 mg) with an applied pressure of
approximately 7 Pa. (d) Capacitance responses of the pressure sensor to the dynamic changes
of applied pressure generated by the fallen droplet, which is in correspondence to the part of
the curve marked by a black circle in (c). (e) Photographs of the ultrafast and tiny form

changes of the fallen droplet on the sensor.
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24 Figure 4. The practical applications and integrated array of the capacitive pressure
57 sensor. (a) Real-time surveillance of the pressure sensor for the wrist pulses. (b) Application
29 of the pressure sensor for mouse keys. (¢) Image of a 4 x 4 pressure sensor array with loading

32 a blue steel on unit 2B. (d) The corresponding responses with spatial distribution of (c).
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Figure 5. The schematic diagrams of the operating mechanism of the capacitive

pressure sensor.
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