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A flexible and highly sensitive capacitive
pressure sensor based on conductive fibers with
a microporous dielectric for wearable electronics†

Ashok Chhetry, Hyosang Yoon and Jae Yeong Park *

In this study, a flexible and highly sensitive capacitive pressure sensor has been fabricated by coating a

microporous polydimethylsiloxane (PDMS) elastomeric dielectric onto conductive fibers. Conductive

fibers were prepared by depositing silver nanoparticles (AgNPs) in poly(styrene-block-butadiene-styrene)

(SBS) polymer on the surface of Twaron fibers. The configuration obtained by cross-stacking of two

microporous PDMS-coated fibers imitates a capacitive sensor, which responds to compressive stress by

increasing the contact area and decreasing the separation between the fiber electrodes. Moreover, the

gradual closure of micropores under pressure increases the effective permittivity of the dielectric,

thereby enhancing the sensitivity of the sensor. A relatively high sensitivity of 0.278 kPa�1 for a low

pressure region (o2 kPa), negligible hysteresis of 6.3%, a dynamic response time in the millisecond

range (B340 ms), a low detection limit of 38.82 Pa and an excellent repeatability of over 10 000 cycles

were achieved. Finally, the practicality of the sensor was also demonstrated by loading small objects

(B9.4 mg) and gentle finger touches (o10 kPa). By virtue of its excellent sensitivity, low pressure

detection and cost-effective fabrication process, our sensor is applicable for next-generation advanced

touch panels with a more human-friendly interface, non-invasive health monitoring systems, and

artificial robot arms.

Introduction

The development of highly sensitive wearable pressure sensors
that are inexpensive and easy to manufacture has attracted
extensive interest in the measurement of physical signals
generated by the human body. Promising routes towards the
development of new sensing materials, fabrication processes
and sensing mechanisms have contributed to significant progress
for the implementation of flexible and stretchable physical sensing
devices. These physical sensors enable various applications
such as electronic-skin (e-skin),1–3 human–machine interfaces,4–7

health-status monitoring,8–11 human-activity monitoring,12 proxi-
mity sensing,13 and others. For simple and low cost preparation of
flexible and wearable electronics, fibrous materials have become
attractive for use due to their high electrical conductivity and
mechanical endurance against external deformation.14,15 Various
transduction principles such as capacitive,5,16–19 piezo-
resistive,4,6,20,21 piezoelectric,8,22,23 and optical24,25 have been
intensively investigated to ensure unique superiority such as
high performance, low-modulus, light-weight and conformal

contact to the human body. In particular, capacitive type
sensors are viewed as a preferable type for high sensitivity,
low power consumption, simple fabrication process and better
immunity to temperature.26,27

For the fabrication of conductive textiles, various materials
such as conductive polymers, carbon based materials and
metallic materials have been explored in the literature.14,28,29

The electrical properties of such conductive fibers fabricated
from various materials are compared in Table 1 along with their
merits and demerits. Metallic material based conductive fibres
are widely preferred for simple, low cost, highly conductive and
stable requirements. Such conductive fibers have been fabri-
cated by different methods such as electroless deposition,32,33

dip-coating,29,34 wet spinning,35,36 and chemical solution
processes.14 Electroless deposition of metals on polymer fibers
is not suitable for stretchable electronics since the fiber cannot
retain good electrical properties under strain.37 Conductive
polymers, on the other hand, have a crucial role in energy
storage devices, supercapacitors, fuel cells, etc. but the limitation
is that the electro-chemical stability of the polymer coated con-
ductive fibrous material decays with time. In recent years, various
metallic nanomaterials mixed with polymers have regained
much interest mainly due to their high electrical conductivity,
stability against oxidation and antimicrobial activity.5,14,36
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For the dielectric structures of the capacitive sensors, various
microstructured materials have been employed to improve
the sensing capability as well as short response times. Two-
dimensional pyramid-shaped microstructure arrays,17,38–40

domes,41 and micro-pillar arrays42 have also been reported in
the literature. However, the fabrication of such structures requires
a microstructured silicon mold that makes the fabrication process
quite expensive.

In this work, we report a facile and cost effective approach
to fabricate a flexible and highly sensitive capacitive pressure
sensor based on conductive fibers. The coating of a microporous
dielectric thin film on the surface of conductive fibers was
achieved for the first time in the literature. The strategy of
micro-structuring the dielectric material is to leverage the
sensor’s performance by enhancing the effective permittivity
and reducing the stiffness. Our approach enables a simultaneous
change in the structural behavior of three major parameters of
the capacitor. Therefore, the capacitance response of the sensor
significantly increased with applied pressure not only as a result
of increased effective permittivity, but also as a result of reduced
distance between electrodes and increased area of the electrodes.
The conductive fibers were obtained by coating SBS polymer on
the surface of Twaron fibers with absorption of silver trifluoro-
acetate (AgCF3COO) followed by reduction of an Ag precursor into
AgNPs by hydrazine hydrate (N2H4�4H2O). Twaron fibers were

chosen as a substrate material for the conductive fibers due to
their properties such as high dimensional stability, excellent
strength-to-weight ratio, and resistance to heat, flames and
chemicals. For the dielectric material, PDMS was chosen because
of its high chemical and thermal stability, low elastic modulus, and
eco-friendliness. Glucose particles were used as the pore creating
fillers. The sensor with a microporous dielectric possessed an
excellent sensitivity of 0.278 kPa�1 for o2 kPa, a short response
time in the millisecond range, and a wide dynamic range from
0–50 kPa along with an excellent repeatability of over 10 000 cycles.
In addition, the approach that we developed efficiently exploits
features such as flexibility and stretchability.

Experimental
Fabrication of conductive fibers

Fig. 1a represents a schematic illustration of the overall process
for the fabrication of a fiber-based capacitive pressure sensor.
The fabrication of the conductive fibers involves three main
steps: (i) SBS coating onto the surface of Twaron fibers,
(ii) absorption of an Ag precursor into the SBS polymer layer,
and (iii) reduction of the Ag precursor into AgNPs. Twaron
fibers of diameter B230 mm were cut into 16 cm lengths and
vertically laid on the substrate by suspending a 150 g weight.

Table 1 Characteristics of the conducting fiber materials and their electrical properties

Types Materials Advantages Disadvantages Electrical property Ref.

Conductive polymer PEDOT:PSS Simple growth technique Slow coating of polymer 50–60 O cm�1 28
Carbon materials Graphene Easy to attach material film Multiple steps, complex process 10–20 S cm�1 30
Metal based materials Aluminum Low cost Needs catalyst for decomposition 0.2 O cm�1 13

Ag nanowires Stretchability Surface modification 0.8 O cm�1 31
Ag nanoparticles Highly conductive Optimization required 0.1431 O cm�1 This work

Fig. 1 (a) Schematic process for the fabrication of a fiber-based capacitive type pressure sensor. (b) Schematic of the cross-sectional view of the sensing
unit. (c) Photographic image of the sensor fabricated on PET sheets.
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A SBS polymer (5 wt%) dissolved in a mixed solvent of tetra-
hydrofuran and dimethylformamide (3 : 1 weight ratio) was
coated along the vertical fibers by flowing 4 mL of solution at
a flow rate of 2 mL s�1. After 5 minutes of evaporation in air, the
SBS coated fibers were immersed in a solution of AgCF3COO
(15 wt%) and ethanol for 30 min. To generate the AgNPs on the
SBS layer, the absorbed Ag precursor was reduced by a solution
of N2H4�4H2O (20–26% in water) in ethanol and deionized
water (1 : 1 volume ratio).

Fabrication of the microporous elastomer and sensors

Glucose particles purchased from a market were lightly ground
to make them smaller and uniform in size, washed with hexane
and then magnetically stirred for 2 h until hexane evaporated.
A mixture of PDMS base and curing agent (10 : 1 weight ratio)
with glucose particles was ultra-sonicated for 30 min and
mechanically stirred for another 30 min for uniform mixing.
Then, the suspension was coated on the surface of the conductive
fibers in the same way as used for coating of the SBS polymer.
After curing of the microporous PDMS-coated fibers in a convec-
tion oven at 72 1C for 3 h, one cross-sectional side was trimmed
away by a razor blade, and then dipped into deionized water for
48 h to dissolve the glucose particles. After that, such fibers were
washed under sonication for 5 h, and finally, dried at 60 1C for 3 h
to get a porous structure. A capacitive type fiber-based pressure
sensor was formed by stacking two such microporous PDMS-
coated fibers perpendicular to each other. Fig. 1b illustrates
a schematic of the orthogonally stacked fibers and the inset
illustrates the cross-sectional view of the sensing unit. Fig. 1c
provides a photographic image of the sensor fabricated on a
flexible poly(ethylene terephthalate) (PET) sheet. For comparison of
the sensor characteristics, a reference sensor was also fabricated by
coating a solid PDMS dielectric on the conductive fibers. Both
fabrications were carried out on conductive fibers of the same
electrical and mechanical properties under the same environment.

Characterization and measurements

The surface morphology of the conductive fibers and pore
structure of microporous PDMS were examined using field
emission scanning electron microscopy (FE-SEM) and X-ray
microcomputed tomography (micro-CT). Electrical linear resis-
tance (ELR) was measured using an Electrometer (Keithley
6514). To apply a precise load, a moving stage (JSV-H1000,
Japan Instrumentation System Co., Ltd) in combination with a
force gauge (HF-1, Japan Instrumentation system Co., Ltd)
along with an Acrylic spacer (2 mm � 2 mm � 1 mm) in
between the sensor surface and force gauge fixture were used.
The use of the spacer offers improved lamination between the
sensor and force gauge tip, and also provides uniform force
over the sensor enabling measurement of very low pressures.17

The T-speed of the force gauge was set to 1 mm per minute with
a stroke of 1.3 mm. Capacitance measurements were performed
using an LCR meter (Hioki IM 3536) at 100 kHz frequency
with a 1 V AC signal. A computer was employed to record the
compression distances, forces and capacitances. A digital
oscilloscope (TDS5052B Digital Phosphor Oscilloscope, Tektronix)

was also used for the measurement of the signal at the output of
the capacitance readout circuit.

Results and discussion
Theoretical consideration

The schematic illustration in Fig. 2a represents the cross-
sectional view of the sensing unit and Fig. 2b represents the
structural change in behavior under the application of an
external pressure. The capacitance generated at the cross point
of two fibers is effectively changed by applying incremental
forces, which induces deformation in the thickness. When
external pressure is applied, the distance between the electrode
fibers is reduced (from d to d0), the contact area between the
electrodes is increased (from A to A0), and most importantly, the
effective permittivity of the dielectric material is increased
(from er to er

0). Specifically, the permittivity of the dielectric
material is calculated by,

e = eoer,

where eo = 8.854 � 10�12 F m�1 is the free space permittivity
and e is the relative permittivity of the dielectric material.
For the microporous dielectric layer, an effective relative per-
mittivity is the combined effect of PDMS (ep E 3) and air
(ea E 1) inside the micropores, which is estimated by e = ea f +
(1 � f )ep. Where ea and ep refer to the permittivity of air and solid
PDMS, respectively. The parameter f relates to the vacuum fraction
in the microstructured PDMS. When an external pressure is
applied to the sensor, the vacuum fraction which has lower
permittivity is reduced due to the closure of the micropores
resulting in increased effective permittivity since the micropores
are replaced by surrounding PDMS. The theoretical analysis of the
dependency of the rate of capacitance change with the rate of
permittivity change and elastic modulus due to inclusion of
micropores is provided in the ESI.†

A stable and uniform thin film (B70–90 nm) of SBS polymer
was coated on the surface of Twaron fiber. The film can stay
uniform along the fiber by saturating the Rayleigh–Plateau
instability provided the film thickness satisfies43

h o rgR3/g,

Fig. 2 (a) Schematic of the cross-sectional view of the sensing unit.
(b) Schematic illustration showing the structural change in behavior of
the sensing unit under an external pressure.
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where h is the film thickness, r is the density of the polymer,
g is the acceleration due to gravity, R is the radius of the coating
fiber, and g is the surface tension of the polymer. A stable and
continuous film flowing down a vertical fiber is obtained for
sufficiently low flow rates. Thanks to the advection of the flows.
When SBS coated fibers are immersed into solutions of AgCF3-

COO, trifluoroacetate anions (CF3COO–) form ion–dipole inter-
actions with the hydroxyl groups (–OH) of the solvents enabling
abrupt absorption of the Ag precursor and alcoholic solvents by
the polymer.44 The FE-SEM images shown in Fig. 3a and b
reveal the SBS/AgCF3COO fiber before and after the reduction
of the Ag precursor into AgNPs, respectively. After the reduction
of AgCF3COO by N2H4�4H2O, AgNPs were uniformly generated
and distributed within the fiber which is clearly seen from
Fig. 3b. The interconnections of AgNPs designate good electrical
contact between adjacent particles providing a contribution
to the electrical conductivity, and also, preservation of the
electrical properties under strain. The FE-SEM image shown in
Fig. 3c illustrates the cross-sectional morphology of the micro-
porous PDMS-coated fiber. A magnified view of the microporous
PDMS structure is presented in the inset of Fig. 3c. The spatial
distribution of the micropores was characterized through X-ray
micro-CT as depicted in Fig. S1, ESI.† The pores having unequal
pore sizes ranging from 43 mm to 148 mm were randomly
distributed as seen from FE-SEM and micro-CT images. Due
to the inclusion of micropores on PDMS, the elastic modulus
of the dielectric film was also decreased as compared to
solid PDMS. The elastic modulus as a function of pressure is
depicted in detail in Fig. S2, ESI.† The average diameter of the
pores was measured to be somewhat less than 95 mm, substan-
tially smaller than previously reported work.10 The porosity (f)

was calculated to be around 48.8% according to the following
equation:

f = 1/(vp/vg + 1) � 100%,

where vp and vg represent the volume fraction of PDMS and
glucose fillers, respectively. The porosity can be adjusted simply
by adding different volume (weight) percents of glucose particles
to the uncured PDMS elastomer. Three different glucose to
polymer ratios, vg/vp, of 0.95, 1.3 and 1.7 corresponding to
porosities of 48.8%, 56.5% and 63.0%, respectively, were coated
on the surface of the conductive fibers. Lower porosities are
difficult to achieve since the materials would contain trapped
pockets of glucose which are hard to dissolve. Porosities of
higher than 50% can ensure substantial change in the effective
permittivity as a small pressure is sufficient to produce large
deformation because of the reduced stiffness of the dielectric
material. However, it is difficult to achieve porosity higher than
73.7% since the structure may collapse.45 At a higher concen-
tration of glucose particles corresponding to vg/vp 4 0.95, the
film structure suffered from unstable morphology since the
composite hardly or could not flow along the fiber as the gravity
is dominated by the surface tension. Refer to Fig. S3 (ESI†) for
more details. In addition, a higher amount of glucose fillers such
that vg/vp 4 0.95 facilitated the enhancement of the sensitivity
and elastic modulus of the dielectric, however, the sensitivity
values calculated for each of the measurements were found to be
inconsistent. The irregularity in the morphology results in an
alteration in the sensitivity because of the inconsistency in the
electrode separation, which is excluded from the present study.
Therefore, in our sensor fabrication, a porosity of 48.8% was the
trade-off between the sensitivity and the surface morphology.
The details of the sensitivity and error deviation for different
values of glucose to PDMS composition are presented in Table S1
and Fig. S4, ESI.†

The conductivity of the fibers was significantly increased by
a repeated number of absorption/reduction processes. Fig. 4a
illustrates the resistance per unit length of conductive fiber
against different cycles of absorption/reduction of the Ag
precursor. After repeating the absorption/reduction process
for up to eight cycles, the fiber showed an excellent electrical
property with an ELR per unit length of 0.1431 O cm�1, which is
fairly excellent as compared to previously reported aluminum
fibers (0.2 O cm�1)14 and commercial conductive thread (1 O cm�1).
The theoretical value of conductivity of the fibers having diameter
B320 mm was calculated to be B87 S cm�1. Furthermore, to
observe the stability, we measured the electrical property of the
conductive fiber by a repeated number of folding tests. ELR values
for every folding by an angle of 1801 were measured and plotted as
shown in Fig. 4b. For over 100 folding cycles, the ELR per unit
length was slightly increased from 0.1431 O cm�1 to 0.1469 O cm�1

indicating almost no degradation of the conductivity.

Characterization of the sensor

To quantitatively evaluate the performance of the sensor,
capacitance and force values were measured as a function of
compression distance. A schematic illustration and the setup

Fig. 3 (a) FE-SEM image of the SBS/AgCF3COO composite fiber before
chemical reduction. (b) FE-SEM image of the fiber after chemical reduction
of AgCF3COO by N2H4�4H2O. The AgNPs formed within the fiber provide
good interconnection for electrical conductivity. (c) FE-SEM image of the
cross-sectional view of the microporous PDMS-coated fiber. The inset of
the figure shows the magnified view of the porous structure indicating
random distribution of the micropores.
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for the measurement of capacitance corresponding to various
pressures are shown in Fig. 5a and b, respectively.

For the hysteresis analysis, both types of features were
loaded with a series of pressures from 0 kPa to 48.69 kPa
and unloaded back. The hysteresis behavior of the sensors
for a full span of the pressure cycle is shown in Fig. 6a.
It was calculated from the normalized difference of the
pressures between the forward and reverse paths. For the
microporous PDMS-coated feature, the loading pressure of
48.69 kPa corresponded to the compression distance of
1.4 mm (60.86% strain), whereas, the same value of loading
pressure corresponded to 1.12 mm (53.33% strain) for the
solid PDMS-coated feature. The negligible value of hysteresis
(B6.3%) calculated for the microporous PDMS-coated feature
indicates that the sensor performance was almost perfectly
reversible indicating the more resilient nature of micro-
porous PDMS.

To evaluate the sensitivity of the sensor, normalized values
of change in capacitance with pressure were measured as shown in

Fig. 6b. The slope of the trace represents the sensitivity (S) of the
pressure sensor which is typically related as

S = (DC/C0)/DP,

where DP denotes the change in applied pressure, and DC and
C0 denote the relative change in capacitance and capacitance
with no applied pressure, respectively. The sensor showed three
different sensitivity characteristics within the textile pressure
range (0–50 kPa). The pressure sensitivities of 0.278 kPa�1

for o2 kPa, 0.104 kPa�1 for 2–10 kPa, and 0.0186 kPa�1 for
415 kPa were obtained for the microporous PDMS-coated
sensor, which are substantially higher than that of previously
reported conductive fiber-based pressure sensors with solid
elastomers.5 A more generalized view of the sensitivity plot

Fig. 4 (a) ELR per unit length (in log scale) with number of absorption/
reduction cycles. (b) ELR per unit length of the conductive fiber with
number of folds by 1801.

Fig. 5 (a) Schematic illustration of the experimental setup. (b) Experimental
setup for the measurement of capacitance for applied pressures. Pressure was
measured by applying a compressive force perpendicular to the area of an
acrylic spacer attached to the moving stage’s fixture.
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for o2 kPa pressure is shown in Fig. 6c. The high sensitivity
value of 0.278 kPa�1 with linear fitting of R-square of 0.9898
was obtained in the low pressure region (o2 kPa). In this
region, the sensitivity of the sensor is significantly enhanced
by three key factors, viz. reduced distance between electrode
fibers, increased contact area between electrode fibers and
increased effective permittivity of the dielectric. Specifically,
under an identical pressure level, microporous features can
produce significant capacitance change as compared to solid
features since the vacuum fraction of the micropores is large
enough to produce substantial deformation. The vacuum
fraction with ea E 1 is replaced by the neighbouring PDMS
dielectric with ep E 3 contributing further enhancement in
effective permittivity. Likewise, for the pressure range 2–10 kPa,
the sensitivity was found to be 0.104 kPa�1 with R-square of
0.9712 as shown in Fig. 6d. The sensitivity at this pressure
range was found to slightly decrease as compared to the
sensitivity in the low pressure region. This characteristic pre-
sumably resulted from fairly increased elastic resistance of the
dielectric since the pores were already almost fully closed.
Furthermore, in the high pressure region (415 kPa), the
sensitivity of the microporous structure (B0.0186 kPa�1) was
found to be slightly higher than that of the solid structure
(B0.0135 kPa�1); see, Fig. S5, ESI.† In this pressure region, the
contact area induces lower effective stress and the permittivity
of the microporous dielectric also gets saturated resulting in

almost similar characteristics to a solid structure. The lower
limit of detection (LOD) of the proposed sensor was examined
by placing a small coffee grain with a mass of B4 mg corres-
ponding to a pressure of B38.82 Pa. While loading the pressure
of 38.82 Pa, the sensor capacitance changed from 0.1045 pF to
0.1153 pF. This indicates the ultralight weight object detection
capabilities of the proposed sensor. The sensor offered ultra-
high sensitivity to low pressures because of the increased
effective permittivity and high compliance of the microporous
structure. The sensitivity values for fiber-based capacitive
pressure sensors for different pressure ranges are compared
in Table 2. Relatively high sensitivity for the low pressure
regime is desirable for detection of subtle pressure generated
from the human body. The prime focus of our approach is on
biocompatiblity, flexiblity, low cost and simple fabrication with
high sensitivity.

The response and relaxation times for both types of features for
pressure ranges o2 kPa and 2–10 kPa were measured as shown in
Fig. 7a. For the loading and unloading of constant pressures of
1.35 kPa and 7.82 kPa for the duration of 5 s, both types of features
exhibited dynamic response times in the millisecond range
(B340 ms). In addition, the relaxation time measured for the
microporous PDMS-coated feature was about two times faster
(B0.5 s) than that of the solid one. The time-scaled version of
the response time during the loading of 7.85 kPa and relaxation
time for unloading are shown in Fig. 7b and c, respectively.

Fig. 6 (a) Stress–strain behavior of the sensor for the loading and unloading of various pressures. (b) Relative capacitance change with respect to
progressively increasing pressures. The microporous PDMS-coated type sensor exhibited a much higher pressure sensitivity than the solid PDMS-coated
type for the same coating thickness. (c) Relative change in capacitance in response to external pressures of o2 kPa. (d) Relative change in capacitance
in response to external pressures of 2–10 kPa.
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Although the response time could not be measured lower than
0.33 s because of the limitation of the LCR meter, the relaxation
time for the microporous-coated feature was found to be faster
than the solid PDMS-coated feature. This better relaxation time
for the microporous dielectric resulted due to reduced visco-
elastic effects to a certain extent. In the solid PDMS, the
viscoelastic behavior of the material can induce poor response
and relaxation times. However, in the case of the microporous
PDMS-coated feature, the presence of the micropores allows
larger deformable surfaces to reversibly and rapidly store and
release the elastic energy imposed by external pressure.17

Furthermore, the reliability of the sensor was investigated
by loading and unloading cycling tests using a minimum
pressure of 38.82 Pa and a maximum pressure of 17.43 kPa.
The reliability of the microporous PDMS-coated type sensor is
shown in Fig. 7d. The variation in the capacitances ranged from
0.1052 pF to 0.1197 pF at 38.82 Pa and 0.2902 pF to 0.3086 pF at

17.43 kPa indicating almost no significant change in capacitance.
For several consecutive runs (410 000), almost no difference
in capacitance for pressure applied confirms that the sensor
output is highly reproducible. Since a good stability is always an
indispensable aspect for practical and long-term applications, the
stable response of the sensor for more than 10 000 cycling tests
confirms its consistency for practical applications.

In order to demonstrate the applicability of the sensor,
the performance was analysed through a capacitance readout
circuit. A capacitance readout circuit comprising an operational
amplifier and a full-wave rectifier module was designed to
produce an output voltage proportional to the input capaci-
tance change. The details of the circuit diagram and photo-
graphic image of the circuit board are shown in Fig. S6 and S7,
respectively; see the ESI.† The circuit functions by detecting
small variations in capacitance during pressure being applied
and converting the respective capacitance variation into an
output voltage. The sensor was weaved into Coban self-adherent
wrap as shown in Fig. 8a and an external pressure was applied
through gentle finger touch. For an input voltage of 600 mV,
300 kHz, the output voltage obtained for random finger tapping at
the rate of B2 Hz is shown in Fig. 8b. Similarly, Fig. 8c corre-
sponds to the response of the sensor to gentle pressing/releasing
(o10 kPa) for the duration of B2 s and Fig. 8d is for loading and
unloading of small acrylic cubes (2 mm � 2 mm � 2 mm) of
B9.4 mg. From the output response of the sensor it is clear that

Table 2 Comparison of the sensitivities for various pressure ranges for
fiber-based capacitive type pressure sensors

Electrode Dielectric
Pressure
ranges (kPa)

Sensitivities
(kPa�1) Ref.

AgNPs Solid PDMS 0–2 0.21 5
Ag NWs Solid PDMS 0–50 B0.0004 13
PEDOT:PSS UV-adhesive 0–26 0.017 27
AgNPs Microporous PDMS 0–2 0.278 This work

Fig. 7 (a) Dynamic response and relaxation times of the sensors for loading and unloading of two different pressures (1.35 kPa and 7.85 kPa).
(b) Response time of the sensors for loading of 7.85 kPa pressure. The response time during the loading of pressure for both the features was observed to
be almost the same. (c) Response time of the sensors for unloading of 7.85 kPa pressure. Relaxation time for the microporous PDMS-coated type was
faster than that of the solid one. (d) Reliability test of the microporous PDMS-coated sensor measured for 410 000 cycles at a frequency of 1 Hz.
No significant change in capacitance shows the stable response of the sensor for several consecutive runs.
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the sensor was able to precisely distinguish pressure loading
through capacitance variation which in turn successfully trans-
formed into corresponding output voltages. In addition, the
output of the circuit retained steady voltage levels for the loading
and unloading of pressure, and also, there was an abrupt switching
between the corresponding voltage levels. Based on these
characteristics, it confirms that our sensor has potential scope
in the field of wearable applications such as object detection for
e-skin, human–machine interface and health status monitoring
systems. The wearable sensors with high sensitivity, low modulus,
light weight, and high flexibility and stretchablity, which can
conformally contact with human body organs and skin can
provide new opportunities for personal health-care and human-
activity monitoring. Ultrasensitive pressure sensors can measure
subtle pressure such as pulse and arterial wave-form, which can
provide important information about cardiac health status. Such
kinds of sensors can also be imbedded into cloths or garments
through a simple sewing and weaving method. A network of
mechanically flexible sensors that can conformally contact to
irregular surfaces can spatially map and quantify various external
stimuli. As the sensitivity is high enough to detect small objects
and gentle touches, it is also suitable for wearable keyboard
applications. By using a comparator circuit with predefined
threshold voltage, the change in voltage during pressing/releasing
can be used to display the corresponding symbols.

Conclusions

In summary, we developed a flexible and wearable conductive
fiber-based capacitive pressure sensor based on a microporous
dielectric material. The conductive fibers were successfully
prepared by coating SBS polymer on synthetic fibers followed
by absorption/reduction of the Ag precursor into AgNPs.
Likewise, the coating of a microporous dielectric elastomer
was achieved through a mixture of PDMS elastomer and
glucose particles. Due to the presence of the microporous
structure within the dielectric layer, our sensor is highly
deformable for small pressure levels. Moreover, the gradual
closure of micropores for successive compression helps
increase the effective permittivity, thereby enhancing the sensiti-
vity. We achieved outstanding performance of the sensor with
sensitivity of 0.278 kPa�1 for o2 kPa along with negligible
hysteresis of 6.3%, dynamic range up to 50 kPa, and response
time of B340 ms, low detection limit of 38.82 Pa and an
excellent stability and durability of 410 000 cycles. In addition,
the applicability of the sensor performance was also analysed
through a gentle finger touch (o10 kPa) by using a capacitance
readout circuit. Based on excellent performance and the cost-
effective fabrication process, we believe that our pressure sensor
can provide new opportunities for next-generation advanced
touch panels with a more human-friendly interface, non-
invasive health monitoring systems, and artificial e-skin.

Fig. 8 (a) Photographic image of the sensor weaved into Coban self-adherent wrap. (b) Output of the circuit for random finger tapping of the sensor.
(c) Response of the circuit for five consecutive gentle pressing and releasing (o10 kPa) cycles. The stable output and abrupt switching between voltage
levels indicate an immediate response of the circuit. (d) Output of the capacitance detection circuit for the loading and unloading of an acrylic sheet
(B9.4 mg) for a few seconds.
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