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ABSTRACT ARTICLE HISTORY

This study introduces an approach to overcome the limitations of conventional pressure sensors Received 29 June 2023

by developing a thin and lightweight composite film specifically tailored for flexible capacitive Revised 25 August 2023
pressure sensors, with a particular emphasis on the medium and high pressure range. To Accepted 13 September 2023
accomplish this, we have engineered a composite film by combining polyvinylidene fluoride KEYWORDS

(PVDF) and graphite nanoplatelets (GNP) derived from expanded graphite (Ex-G). A uniform sized PVDF-GNP composites;
GNPs with an average lateral size of 2.55,, and an average thickness of 33.74 ,, with narrow size capacitive pressure sensor;
distribution was obtained with a gas-induced expansion of expandable graphite (EXP-G) com- dielectric layer; thin film
bined with tip sonication in solvent. By this precisely controlled GNP within the composite film,

a remarkable improvement in sensor sensitivity has been achieved, surpassing 4.18 MPa™" within

the pressure range of 0.1 to 1.6 MPa. This enhancement can be attributed to the generation of

electric charge from the movement of GNP in the polymer matrix. Additionally, stability testing

has demonstrated the reliable operation of the composite film over 1000 cycles. Notably, the

composite film exhibits exceptional continuous pressure sensing capabilities with a rapid

response time of approximately 100 milliseconds. Experimental validation using a 3 x 3 sensor

array has confirmed the accurate detection of specific contact points, thus highlighting the

potential of the composite film in selective pressure sensing. These findings signify an advance-

ment in the field of flexible capacitive pressure sensors that offer enhanced sensitivity, consistent

operation, rapid response time, and the unique ability to selectively sense pressure.
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IMPACT STATEMENT
Our study provides the effect of GNP in a polymer composite system using a facile and easy
process, to enhance the capacitive pressure sensing properties, particularly in high-pressure
range applications.

Introduction
pressure is particularly useful. Pressure derived from

Sensing plays a crucial role in our daily lives as it helps ~ the contact force between two surfaces is useful to
alert us to potential accidents and maintain stability. ~ impose a sensing device because its signal change is
Among the various factors that contribute to sensing,  intuitive, and it can convert electronic signals. As
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a result, pressure sensors have become widely used in
a range of industrial fields including robotics, aero-
space, automobile, electronics, and biomedical, among
others [1-3]. While conventional pressure sensors,
which rely on mechanics, come in a wide range of
pressures, from absolute to hundreds of MPa, they
can be bulky and heavy, limiting their use in modern
pressure sensing devices known as ‘microsensors’.
Microsensors often require portability, flexibility, and
lightweight design [2].

In response to these growing demanding factors,
various flexible pressure sensors employing different
transduction mechanisms such as piezoresistivity,
capacitance, and piezoelectricity have been studied.
Among these, capacitance-based pressure sensors
have gained attention due to their advantages such as
their simple structure, low power consumption, tem-
perature independence, and mechanical robustness
[1-3]. However, low sensitivity and limited pressure
sensing range are seen as obstacles to their adoption in
real-world devices.

In order to address this limitation, researchers have
been focusing on the study of dielectric layer materials
made of elastic polymeric materials, which are closely
related to the performance of capacitive pressure sen-
sors. There are various strategies for modifying the
dielectric  material, with  the design of
microstructures or porous being
a commonly considered solution [4-10]. The elastic
polymeric material such as polydimethylsiloxane
(PDMS) is commonly used in this strategy. In the
case of microstructures, designed mold or mask is
used to fabricate the particular shape of a dielectric
layer [4,7]. When considering the existing porous
structure, the substances that can be readily eliminated
through mechanisms like gas generation [5,9,10] or
dissolution [6,8] is incorporated to dielectric layer.
Although both microstructure and porous structure
design can significantly improve sensing performance,
they often require high cost and complex process for
microstructure fabrication. Meanwhile, the design of
a porous structure can lead to a mechanically wea-
kened matrix owing to the presence of pores in the
matrix and the pores on the surface of the dielectric
layer can cause unstable connection with the electro-
des. Consequently, the heightened sensitivity remains
confined to low-pressure zones (1-10 kPa), and there
continues to be reduced sensitivity in the medium
(10-100 kPa) and high-pressure ranges (>100 kPa).

Given these considerations, polymer-filler compo-
sites are seen as an alternative strategy. The synergistic
effect between the polymer and filler material allows
for a low-cost, straightforward process while also pro-
viding improvement in mechanical and sensing prop-
erties [11-17]. Commonly, polymer-filler composites
for this purpose consist of main polymer matrix and
filler material. Polymeric materials such as PDMS,
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thermoplastic polyurethane (TPU), and poly(vinyli-
dene fluoride-trifluoroethylene) (PVDEF-TrFE) are
typically selected as a main matrix of composite
because of their mechanical stability and elasticity
[11,13,15]. Filler materials have mechanical stability
and additional polarization for capacitive behavior
when compression is induced, including silver nano-
wires (Ag NWs), carbon nanomaterials such as carbon
black (CB), carbon nanotubes (CNTSs) [11,12,14], and
graphene [16,17].

Although these valuable efforts provide the strategy
of extension of the pressure range or improvement of
capacitive pressure sensing in medium and high pres-
sure ranges, the range of pressure that shows stable
sensitivity is still limited. Furthermore, the use of
a dielectric layer with a large thickness, ranging from
hundreds of micrometers to a few millimeters, could
be a worrisome parameter to miniaturization of
devices.

Herein, a thin and lightweight polyvinylidine fluor-
ide (PVDF)-graphite nanoplate (GNP) composite
film was investigated as a dielectric layer for
a capacitive pressure sensor. The PVDF serves as the
main polymer matrix for the dielectric layer, while the
GNP was added to increase the sensitivity and
response of the sensor. The composite paste was easily
obtained through simple acoustic mixing, and the
free-standing composite film was readily detached
from an aluminum foil after being dried on a hot
plate. The obtained composite film with a thickness
of tens of micrometers was assessed as a potential
option for the dielectric layer in a capacitive pressure
sensor. The study also evaluated the composite film’s
suitability for continuous and selective pressure sen-
sing, while also anticipated how the concentration of
filler in the composite affects the capacitive pressure
sensing mechanism.

2. Experimental methods
2.1. Materials

Expandable graphite (Exp-G) was purchased from
Sigma Aldrich (U.S.A.). N-Methyl-2-pyrrolidone
(NMP) was supplied by Daejung chemicals and metals
(Republic of Korea). PVDF was obtained from
Arkema (France).

2.2. Fabrication of the PVDF-GNP comporsite film

The overall process of this research is illustrated in
Figure 1. Exp-G was chosen as the starting material for
GNP dispersion. To obtain expanded graphite (Ex-G),
Exp-G was thermally treated at 900°C for 3 min. After
as-prepared expanded Ex-G was carried into NMP,
GNP dispersion was obtained by the tip sonication
process using a tip probe sonicator (VCX-750,
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Figure 1. Overall experimental process of this research.

Sonics, U.S.A.). GNP dispersion was poured into a vial
that contains PVDF, and then it takes place in acoustic
mixer (pharma RAM1, Resodyn, Republic of Korea) to
get PVDF-GNP composite paste. The total solid con-
tent was fixed at 8 wt% for composite paste. For exam-
ple, for obtaining the 4 wt% GNP sample, the mass
ratios of PVDF:GNP:NMP (as a solvent) are 7.68
0.32:92. The composite paste was coated on aluminum
foil using a doctor blade with a settled wet thickness
and dried on a hot plate at 90°C overnight. The fully
dried PVDF-GNP composite film was easily detached
from aluminum foil. The obtained free-standing film
thickness was 35 + 3 um for all the samples.

2.3. Characterization

The dispersibility change evaluation of GNP disper-
sion about real time was recorded using a Turbiscan
instrument with the T-LOOP module (Turbiscan Lab,
Formulaction, France). The morphology of GNP was
characterized using a field-emission scanning electron
microscope (SEM; Mira3, TESCAN ORSAY
HOLDING, a.s., Czech Republic) and
a Transmission Electron Microscope (TEM; JEM-
2100, JEOL Ltd., Japan). Lateral size and thickness
distribution of GNP were analyzed using an atomic
force microscope (AFM; XE-100, Park systems,
Republic of Korea). The morphology of the PVDF-
GNP composite film was also scanned by SEM.
Electrical conductivity of the nanocomposite film
was calculated from the sheet resistance measured
using a 4-point probe auto contact system (CMT-
SR1000N, AIT Co., Ltd., Republic of Korea), and
film thickness was measured using a digital micro-
meter (IP65, Mitutoyo, Japan). Crystalline phase was
characterized by X-ray diffraction analysis (XRD; D/
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Free standing PVDF-GNP composite film
MAX-2500/PC, Rigaku corporation, Japan) and
Fourier-transform infrared spectroscopy (FT-IR;
Nicolet iS10, Thermo fisher scientific Inc, U.S.A.).
Thickness changes of the sample film with induced
pressure are measured and calculated using an auto-
mated  nanoindentation = measuring  system

(Fischerscope HM2000, Helmut Fischer GmbH,
Germany).

2.4. Performance of the capacitive pressure
sensor

Pressure sensing performance was calculated using
a handmade pressure sensing measurement system
(Figure S1). It consists of a LCR meter (IM3523,
HIOKI, Japan), a digital multimeter (DMM6500,
KEITHLEY, U.S.A.), an Arbitrary waveform generator
(3390, KEITHLEY, U.S.A.), load cell (MNC-50L,
CAS, Republic of Korea), and a pressure sensing mea-
surement program (LabView, National Instruments,
U.S.A.). The sample for the pressure sensor is made of
the sandwiched structure consisting of the PVDEF-
GNP composite film between Cu tape electrodes. To
initiate the pressure sensing measurement process, the
system captures the initial response of capacitance
change over time at the measuring frequency of 100
kHz. Following a series of operational cycles to estab-
lish the stabilized response of the composite film,
saturated raw responses are then gathered, amounting
to a minimum of five cycles for each sample (Figure
S2). These collected responses serve as the basis for
sensitivity calculations across all samples. The each
data point of the change in capacitance (AC/Cy) was
obtained from the average value of three samples for
each concentration of GNP, with standard deviation.
The feasibility test of the capacitive pressure sensor
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was also evaluated using the same pressure sensing
measurement system. For the test at continuous pres-
sure, the PVDF-GNP composite film was set between
the two of Cu the tape attached PET substrate and
sandwiched by adhesion tape. Adhesion tape was
attached except at the contact area between the com-
posite film and Cu tape. Selective pressure sensing
response was measured using the 3 cm x 3 cm array
electrode which is the same structure as the capacitive
pressure sensor device.

3. Results and discussion
3.1. Characteristic of PVDF-GNP composites

To achieve a uniform composite, finding the right
solvent for the PVDF-GNP composite system was
attempted. It is a known fact that graphite-based
nanomaterials tend to aggregate due to their van Der
Waals forces resulting from their conjugated atomic
structure [18-21]. Hence, choosing the right solvent
for GNP dispersion is crucial. Typically, when the
solubility parameters, known as Hansen solubility
parameters (HSP), of the solvent and material are
similar, it is considered a feasible system for stable
dispersion. Based on this, four solvents with diverse
solubility parameters (indicated by blue circles in
Figure 2(a)) were selected, and their time-dependent
stability was analyzed through the same exfoliation
process with tip sonication. The stability of the disper-
sion was measured using a turbiscan instrument,
which operates on the principle of light scattering
and transmittance. In the case of black-colored mate-
rials like GNP, the transmittance decreases when GNP
is well dispersed in the solvent due to GNP’s scattering
or absorption effect on light passing through the dis-
persion. Hence, an increase in transmittance indicates
unstable GNP dispersion due to aggregation or
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sedimentation of GNP. As depicted in Figure 2(b),
DMEF and NMP did not alter the transmittance of the
dispersion, indicating that these two solvents are cap-
able of maintaining stable GNP dispersion.
Furthermore, DMF and NMP are known to be effec-
tive solvents for swelling or dissolving PVDF [23,24].
Between DMF and NMP, NMP was selected because
the transmittance showed a plateau, unlike DMF that
showed an increasing trend. Another reason why
NMP is the best solvent among the four is its HSP
distance [22]. The HSP distance is the distance
between the solvent and solute Hansen parameters
and is defined as R [22,25],

R= \/((SD‘A —8p5)" + (8pa — Op)” + (811a — Omp)’
oy

where §p is the energy from dispersion forces between
molecules, §p is the energy from dipolar intermolecular
force between molecules, d is the energy from hydro-
gen bonds between molecules, A is the solute, and B is
the solvent. In this equation, a smaller value of R
indicates a higher compatibility between the solute
and solvent. The HSP distance for the four solvents,
calculated using the assumed Hansen parameter for
nanosized graphite [25], were 35.33 for water, 9.52 for
IPA, 6.51 for DMF, and 3.04 for NMP. This trend can
also be applied to PVDF, with NMP being the best
solvent for stable PVDF dispersion among the four,
with a HSP distance of 2.16.

The as-prepared GNP has a lateral size of a few
micrometers and a thickness of tens of nanometers, as
shown in Figure 3(a). Graphite-based nanomaterials
typically have a crystalline structure with hexagonal
atomic ordering [26,27], and the selected-area electron
diffraction (SAED) pattern in Figure 3(b) clearly indi-
cates that the crystalline structures remain intact after
the exfoliation step using tip sonication. The
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Figure 2. Dispersion stability data of GNP dispersion. (a) Solubility parameter of various solvents (6y: the energy from hydrogen
bonds between molecules; 6p. the energy from dipolar intermolecular force between molecules) [22] and (b) time-dependent

dispersion stability change in various solvents.
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Figure 3. Morphology data of GNP. (a) AFM image, (b) TEM image (inset: SAED pattern), (c) average lateral size (red column), and

(d) thickness (blue column).

morphological distribution of GNP is presented in
Figure 3(c,d). Around 50 samples were collected to
determine the average lateral size and thickness of the
GNP. The results showed that the average lateral size of
the GNP was 2.6 + 0.7 um, and the average thickness of
GNP was 34 + 10 nm. Likewise, uniform results were
consistently obtained across diverse batches, affirming
the reliable structural integrity of GNP for the compo-
site film fabrication. Additionally, a total of 50 samples
per batch were also gathered to compare the average
lateral size and thickness of the GNP (Figure S3).

The morphological distribution of the filler in the
polymer matrix was characterized using SEM. As
depicted in Figure 4, the morphology trend of GNP
in the polymer matrix was exhibited. In the crumpled
PVDF polymer matrix structure (Figure 4(al-a3)), the
density of the GNP particle which is well dispersed
was increased (Figure S4), until the 7 wt% GNP con-
centration (Figure 4(b1-b3)). However, at higher GNP
concentrations, such as 13 weight percent, the GNP
particles displayed a stacked structure (Figure 4
(c1-c3)). The results emphasize that even though the
colloidal system typically prevents particle aggregation
[28], it may not exhibit this beneficial effect for the
entire range of filler concentration. In terms of the
polymer-filler composite system, filler agglomerate

could be a major obstacle of deteriorating device per-
formance. These results suggest that there is an opti-
mal concentration point that can yield the best
capacitive pressure sensing performance. Moreover,
a uniform morphological outcome and consistent
film thickness were observed across different batches
of the composite film. This observation represents that
the film fabrication process effectively guarantees the
structural reliability of the composite film (Figure S5).

3.2. Capacitive sensing properties of the
PVDF-GNP comporsite film layer

Capacitive pressure sensing performance could be
evaluated from the change in capacitance value. The
capacitance value of the PVDF-GNP composite film
layer was measured using pressure sensing measure-
ment system. Generally, Capacitance (C) could be
expressed from the simple capacitor which consists
of two parallel electrodes with a dielectric layer [1-3]

_ €A
o d
where ¢ is the dielectric constant of the dielectric layer,

A is the area between electrodes, and d is the distance
between electrodes.

C (2)
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Figure 4. SEM images of the PVDF-GNP composite film. (a1-a3) bare PVDF, (b1-b3) 7 wt% GNP, and (c1-c3) 13 wt% GNP samples.

From the capacitance, sensitivity (S) of the capaci-
tive pressure sensor could be calculated [1-3],

AC -G
Co Co
= — = 3
AP P— Py (3)

where P, is the base pressure and P is the pressure
which is settled, C is the base capacitance, and C is the
capacitance after forced at pressure P.

The change in capacitance (AC/Cy) is a crucial factor
for determining the sensitivity of the sensor within the
same pressure region. As demonstrated in Figure 5(a),
the magnitude of AC/Cy increased upon the increasing
GNP content up to 7 wt% under high-pressure condi-
tions. However, this trend was not constant for all GNP
content levels, as AC/C, decreased at 13 wt%. This var-
iation was also reflected in the sensitivity results, with
the calculated sensitivity of 4.18 MPa™" at 7 wt% and
358 MPa' at 13wt% with acceptable linearity
(Figure 5(b) and Table S1). These results indicate that
there is a specific range of GNP content in the compo-
site material that is optimal for its function, and this
pattern was observed in the medium pressure range as
well (Figure S6). The reason of this trend could be
related to the electrical conductivity change of the com-
posite. In the PVDF and GNP complex, GNP could
exhibit the electrical pathway via the tunneling effect
of electron, it causes increasing electrical conductivity
until it reaches the optimum point named the percola-
tion threshold [29,30]. Besides, after going through the
percolation threshold, electrical conductivity value

arrives at a saturation point, showing that the exponen-
tially increasing trend is typically limited and that the
saturation point of performance is exhibited. The spe-
cific mechanism of this trend will be discussed in the
next section. The PVDF-GNP composite film showed
developed sensitivity and thin film thickness (Table S2).
The cyclic stability was demonstrated using 7 wt% GNP
sample to elucidate repeatability of the composite film.
response of capacitive pressure sensing exhibits
moderate stable capacitance changes after 1000 cycles
applied pressure (Figure 5(c)).

3.3. Mechanism of capacitive pressure sensing of
the PVDF/GNP composite film

From a capacitive perspective, the capacitance of
a sensor is primarily influenced by the distance
between the parallel electrodes, the surface area, and
the dielectric constant. When compressive stress is
applied, all these factors change, leading to a change
in capacitance. The alteration in electrical conductivity
observed under the application of compressive stress
to the dielectric layer suggests the potential occurrence
of several contributing factors. These factors might
encompass variations in composite thickness, reconfi-
guration of fillers, and potential changes in the com-
posite structure (Figure S7). Hence, it becomes
essential to contemplate the primary factors influen-
cing the capacitive pressure sensing performance
within this intricate multicomponent system.
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Figure 5. Capacitive pressure sensing performance of the
PVDF-GNP composite film. (a) AC/Cy for pressure change and
(b) sensitivity at 0.1-1.6 MPa (specific values are shown in
Table S1) and (c) cycle stability of the PVDF-GNP composite
film (inset: specific region data of sensing, the sample for cycle
stability is 7 wt% GNP at 100 kPa).

The primary consideration is connected to the altera-
tions in the composite film’s thickness, directly influen-
cing the separation distance between the electrodes. If the
dielectric layer exhibits flexibility, it can readily undergo
substantial deformation and recovery, thereby signifi-
cantly impacting the capacitive pressure sensing perfor-
mance. To understand the extent of deformability within

H. KIM et al.

this multi-component system across the range of 0.1-1.6
MPa, we conducted nano-indentation analysis to gauge
the depth profile’s response to compressive forces,
thereby quantifying the induced deformation strain. By
correlating the applied pressure with the resultant change
in thickness, we calculated deformation strain ratios of
0.48%, 0.50%, 0.49%, 0.60%, and 0.98% for the bare
PVDF, 4wt% G, 5wt% G, 7wt% G, and 13 wt%
G samples, respectively. While this trend appears to posi-
tively influence the augmentation of capacitive pressure
sensing performance, its impact may be less pronounced.
Interestingly, the maximum sensitivity was obtained
from the 7wt% G sample, rather than the 13 wt%
G sample, which exhibited the most substantial change
in thickness. This observation suggests that factors
beyond thickness alteration contribute to the sensor’s
sensitivity.

The secondary consideration revolves around the
influence of the crystalline phase in PVDF. Recognized
as a piezoelectric material with a high piezoelectric con-
stant, PVDF could significantly impact the polarization
charge magnitude. Depending on its specific applica-
tion, PVDF can exhibit three distinct molecular confor-
mations (TGTG’, TTT, and TTTGTTTG’) and manifest
in five polymorphs, namely, phase 1 (beta (f)), phase 2
(alpha (o)), phase 3 (gamma (y)), and §, and ¢ phase. Of
these, the B phase of PVDF is closely associated with the
polarization charge magnitude due to its all-trans zig-
zag conformation (TTT) [31,32]. This B phase can be
induced through physical stress mechanisms such as
stretching, quenching, straining, or polarization under
a high electric field.

Given this relationship, the addition of GNP has the
potential to induce alterations in the molecular struc-
ture or polymorph of PVDF, consequently having an
impact on capacitive pressure sensing performance. To
explore this phenomenon, all samples were subjected to
characterization via FT-IR spectroscopy and X-ray dif-
fraction (XRD) analysis to discern potential phase
changes within PVDF. The results, as depicted in the
obtained data (Figure S8), reveal no dramatic peak
shifts across all samples. This suggests the absence of
molecular structural changes attributed to the incor-
poration of GNP as an additional charge-generating
filler. Considering these findings, it is speculated that
the primary factor contributing to the enhancement of
capacitive pressure sensing performance lies in the
movement of the filler within the composite system.

When the compression is induced to the polymer
composite, the movement of filler could lead to the
increase in the vertical percolation threshold, that is, the
disconnection between filler could be served [33]. This
phenomenon could lead to increasing the disconnected
filler density under the compression; in other words, the
amount of filler, which can be polarize, is increased [11].

Taking into consideration the aforementioned back-
ground, a proposed mechanism for the effect of filler
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alignment on capacitive pressure sensing is depicted in
Figure 6. The alignment change of the filler can be
divided into three parts with a similar trend in terms
of the percolation threshold behavior of the polymer-
conductive filler composite system (Figure S9). In case
1, there is not enough filler to form a conductive path-
way, meaning that the distance between the fillers is too
far to allow current to flow through the composite.
Under these conditions, the alignment of the filler has
little impact on the change in composite capacitance
and results in a sensitivity similar to that of bare PVDF.
In case 2, moderate connection between the fillers can
be affected by the application of compressive force,
leading to the deformation of the conductive pathway.
This causes the non-connected fillers to function as an
additional polarized part of the composite, resulting in
an extra improvement in the change in capacitance.
Notably, the findings of this study indicate that the
region classified as case 2 exhibits the highest capacitive
pressure sensing property in the composite material.
This means that despite the fact that the concentration
range of conductive filler is conventionally limited
below the percolation threshold due to the presence of
existing conductive pathways that reduce the polarized
filler density, additional performance improvement
could achieve at or above the percolation threshold in
the composite system. This is attributed to the realign-
ment of filler in the matrix that occurs upon the appli-
cation of compression. Therefore, it could be possible to
achieve a maximum performance point for the compo-
site system at or above the percolation threshold.

Case 1
P |
: .
| | WY 4 3
= =] ’ >
d 2 oy 4 5 J", Compression 5 |
Case 2
’ f,/ ‘ N ‘
o 4444 - -
d 73 =4 » ) Compression  d I
Ta g '
Case 3
Vs Do | |
g o - LY \ g
g J \ , She Y ki
; ) ord g Compression >

H. KIM et al.

Conversely, in case 3 of the composite film, where
a high filler content is embedded, the conductive path-
way is increased due to the reduction in the distance
between fillers under compressive stress. Consequently,
the change in capacitance diminishes within this region.

3.4. Consideration of the PVDF/GNP composite
film as a component for the capacitive pressure
sensing device

In terms of device application, PVDF has garnered
significant attention as an appealing contender for
self-powered devices, encompassing piezoelectric-
based sensors, and nanogenerators, due to its elevated
piezoelectric constant [34-36]. Despite the merits of
piezoelectric-based devices, including self-power gen-
eration, favorable linearity, and a robust signal-to-
noise ratio, certain limitations arise from their operat-
ing principles and conditions and the piezoelectric
configuration necessitates a consistent force oscilla-
tion, as the accumulated charge disperses when the
device reaches a static equilibrium. This phenomenon
introduces considerable inaccuracies in static pressure
measurements. Additionally, the operational window
for viable pressure assessments remains constrained to
higher ranges [37], effectively restricting the utility of
piezoelectric-based sensors to specific environmental
contexts. Moreover, achieving a substantial piezoelec-
tric property is typically contingent on a significant
presence of the B phase within PVDF. The induction
of this P phase needs diverse extra physical stress
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Figure 6. Expected mechanism of capacitive pressure sensing of the PVDF-GNP composite film (case 1: <4 wt%, case 2: 4 <x <7

wt%, and case 3: > 7 wt%).
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mechanisms, such as stretching, quenching, straining,
or applying polarization under a high electric field.
Conversely, capacitive-based pressure sensors surpass
these limitations, showcasing adaptability across
a wide array of operational environments. This inher-
ent advantage served as the bedrock of our research
endeavor, compelling us to concentrate our endeavors
on the progression of capacitive-based pressure sen-
sing devices.

3.5. Demonstration of the capacitive pressure
sensor

A simple capacitive pressure sensing device was demon-
strated to detect continuous pressure changes under
ambient conditions (Figure 7(a)). As shown in
Figure 7(b), the device consists of a single layer of
a PVDF-GNP composite film sandwiched between two
copper electrodes. The device was attached to the
ground, and a model car was moved in a backwards
direction, which wound up a spring. The sensing
response was recorded immediately upon contact
between the model car and the device (this can be seen
in Supporting Movie S1). The recorded response of the
capacitive pressure sensing is shown in Figure 7(c).
When the model car ran over the sensing spots on the

(@) (c)

@ Before contact (2 Sensor contact (3 After contact

PVDF-GNP composite based capacitive pressure sensor

C/C,

cle
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device, two types of responses were obtained; one from
the front wheel and the other from the rear wheel. It was
confirmed that the rear part of the car is heavier than the
front part because the spring is attached at the rear,
which results in a trend of the second response being
larger than the first. This trend becomes even more
pronounced as the weight of the model car increases,
resulting in a larger C/C, value.

To assess the speed at which the device can detect
pressure changes, the response time (Tg,) and recov-
ery time (D;y) were measured and are shown in
Figure 8. Capacitive pressure sensing response was
recorded well even when the sample weight was chan-
ged (Figure 8(a—c)), the response time was about 100
milliseconds (specific values of Tyy and Dy are shown in
Table S2) regardless of the weight of samples
(Figure 8(d)), and the results are the same at the recov-
ery step of capacitive pressure sensing (Figure 8(e)).
These results insist that the time of sensing response is
stable in the available pressure sensing range.

Lastly, we fabricated the capacitive pressure sen-
sing array with the scale of 3 x3 pixels to prove
feasibility in selective area pressure (Figure 9(a)).
As the selective area of pressure was induced
(Figure 9(b)), the pixel point which was in contact
between the sample and the array (Figure 9(c))

3

2+
1 -

s | f 1 L | f 1
3 —300
2 -
el -
" | ! | " | 1 1
3 ——100g
I Front wheel  Back wheel

2t \/

< »ara

@0 ,

0 10 20 30 40
Time (s)

Figure 7. Demonstration of the simple capacitive pressure sensor at continuous pressure. (a) Operation steps, (b) snapshots of the
configuration of the capacitive pressure sensing measurement, and (c) the C/Cq response of the capacitive pressure sensor (7 wt%

GNP sample was used as a dielectric layer of the sensor).
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showed relatively high C/C, response compared to
the uncontacted area (Figure 9(d)). These results
suggest that the PVDF-GNP composite-based pres-
sure sensor device can be effectively employed in
practical environments, irrespective of the move-
ment patterns of the monitored subject.

4. Conclusions

In this study, a novel thin and lightweight composite
film comprising PVDF and GNP has been successfully
fabricated for the dielectric layer of the capacitive pres-
sure sensor capable of withstanding medium to high
pressure ranges. The incorporation of GNP with an
average lateral size of 2.55+0.70 pm and an average
thickness of 33.74 + 10.13 nm as a filler material notably
enhanced the performance of the capacitive pressure
sensor, achieving a maximum sensitivity of 4.18 MPa™"
within the pressure range of 0.1-1.6 MPa, alongside
moderate cycle stability over 1000 cycles. The sensitivity
and stability of the pressure sensor surpassed previous
reports in the high pressure range (Figure S10). The
resulting pressure sensor exhibited a rapid and consis-
tent response time of just a few hundred milliseconds.
Moreover, this versatile composite film holds tremen-
dous potential for application in multiple pixel devices,
offering practicality in diverse fields such as gait analy-
sis, artificial joints, industrial equipment, prostheses,
and custom ergonomic devices. This work represents
a significant leap forward, unveiling new prospects for
the advancement of capacitive pressure sensors.
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