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ABSTRACT

A flexible pressure sensor based on a capacitive transduction mechanism having a polydimethylsiloxane (PDMS)
layer incorporated between indium--tin-oxide (ITO) coated flexible polyethylene terephthalate (PET) electrodes
has been developed. The sensor’s key parameters have been improved by increasing the dielectric layer’s
porosity by introducing deionized water (DIW) into it. The sensing device with a porous dielectric layer (PDMS-
DIW) exhibits a 0.07%-15% relative difference in capacitance for the applied pressure range from 1 Pa to 100
kPa. The device also demonstrates improved sensitivity compared to a PDMS layer (unstructured) throughout the
complete external pressure range. The device with porous PDMS layer shows an extensive operating pressure
range (1 Pa to 100 kPa), high working stability, quick response (=110 ms) and ultra-low detection limit of
pressure, i.e., 1 Pa. In addition, the blood pressure monitoring was also studied, and the devices gave a signature
of the oscillometric waveform for different blood pressure (BP) values. The fabricated flexible pressure sensor can

be used for wearable BP devices and biological applications due to its excellent functional properties.

1. Introduction

Due to high demands in electrical and electronic technologies for
smart materials, artificial intelligence, industrial applications, robotic
skin, and electronic skin[1-7], pressure sensors have been attracting
significant attention among researchers working on various human
physiological applications. In the last few years, several pressure sensors
based on ceramic and polymer have been reported [8-11]; still,
polymer-based flexible sensing devices have attracted main research
focus because of their promising applications in human health-care
monitoring devices [12-16], fingerprint sensors [17], energy har-
vesters [18-20], object detector [21], medical diagnostic tools [6,22]
and so forth. Among various human health-care monitoring devices,
blood pressure (BP) monitoring is the most common physiological
parameter because blood pressure is a critical factor in identifying se-
vere diseases related to the heart and kidney. High BP or hypertension is
a vital sign for increasing the risk of stroke, heart failure, and kidney
failure, and these diseases are the leading cause for increasing death in
the world in the last few years [23,24]. Hence, blood pressure must be
monitored regularly to identify early cardiovascular diseases, hyper-
tension, heart rate, other vital human organ-related problems, etc.

The pressure sensors generate an electrical signal when external
pressure is applied. The performance of any pressure sensor is evaluated
by its key parameters like sensitivity, detection limit, operating pressure
range, response time, and linearity. The pressure sensors operate in a
signal transduction mechanism [25-27], and based on the transduction
methods; sensors are usually categorized into three types, i.e., piezor-
esistive [28-33], piezocapacitive [13,34-37], and piezoelectric [38-45]
pressure sensors. The piezoresistive pressure sensors transduced the
change of resistance value into the output signal under the influence of
external pressure [46], and piezoelectric pressure sensors work on the
piezoelectric effect, which refers to the generation of electric charges
when external pressure is applied. Out of these pressure sensors, the
researchers commonly adopt capacitive-based sensing devices due to
their several applications in wearable electronic devices, their
outstanding performance, low-cost fabrication process, and simple
structure. The sensors based on capacitive effect detected the change in
capacitance value and transduced it into the output signal. The piezo-
capacitive pressure sensor works like a parallel-plate capacitor, and the
capacitance of the capacitor is defined as

C=(EA)/d
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Fig. 1. Fabrication process and SEM characterization of PDMS and PDMS-DIW; (a) Overview of the process to fabricate the sensing device with a porous dielectric
layer (PDMS-DIW). (b) Cross-sectional SEM image of the PDMS layer without DIW (c) Cross-sectional SEM image of the PDMS dielectric layer with DIW (Porous

PDMS layer).

where ¢ is the absolute permittivity of the dielectric material, A and
d represent the conducting plates’ area and the distance between the
parallel-plates. When external pressure is applied on capacitive pressure
sensors, the thickness of the dielectric layer or the distance between the
parallel conducting plates(d) changes, resulting in the change in the
capacitance’s value [47].

The functional materials play a vital role in developing sensing de-
vices having high sensitivity and flexibility. The researchers used
various functional materials to form the dielectric layer and flexible
conducting electrodes to develop a capacitive-based pressure sensor.
Among different functional materials, polydimethylsiloxane (PDMS) for
dielectric layer and indium-tin-oxide (ITO) coated poly(ethylene tere-
phthalate) (PET) substrates for flexible conducting electrodes are the
best choice due to their high stability and flexibility. The PDMS structure
can also be modified to enhance the pressure sensor’s performance by
improving their critical parameters like sensitivity, detection limit,
response time, and so forth. We all need a pressure sensor with high
sensitivity, and a large operating pressure range for the formation of
wearable sensing devices. However, the researchers’ big challenge is
that some sensors exhibit high sensitivity but have a complicated
fabrication process, low operating pressure range, and high energy
consumption. However, many researchers developed flexible sensing
devices with high sensitivity, quick response, and high working stability

by altering the microstructure of the PDMS dielectric layer either by
making the pores into it [13,48] or by incorporating scrubber into it [49]
or by making it sponge [50] or by making micro-hyperboloids structure
[51]. In this direction, we also improved the pressure sensor’s key pa-
rameters by using deionized water (DIW) into the PDMS layer.

In today’s life, blood pressure plays a crucial role in detecting car-
diovascular diseases [52], which is the most common parameter for
monitoring the human body’s physiology. The oscillometric wave
function required for clinical trials and development for the algorithm of
automated non-invasive blood pressure monitoring devices required
low-cost, highly sensitive pressure sensors [53]. Due to the requirement
of highly sensitive flexible pressure sensor with a quick response in
blood pressure monitoring devices, we have demonstrated a pressure
sensing device based on a capacitive effect with a porous PDMS elas-
tomer layer. The porous PDMS dielectric layer is developed by altering
its structure by introducing DIW into it. The performance of the devel-
oped sensor under static and dynamic pressure has been investigated.
Due to well-structured porosity, it shows improved vital parameters
such as high sensitivity, low detection limit, quick response, and large
operating pressure range. We have also explored the application of the
developed sensor in blood pressure monitoring.
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Fig. 2. Schematic illustration of the experimental arrangement for evaluating the difference in capacitance’s values at various external pressure for the developed
pressure sensor.

Fig. 3. The sensing performance of the developed sensor in terms of capacitance change at a different applied pressure range of (a) 1-5 Pa. (b) 10-50 Pa. (c)
100-500 Pa. (d) 1 kPa-100 kPa.
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Fig. 4. Change in capacitance values versus time at step-wise change of external pressure (a) 10-50 Pa (b) Up Down from 10 Pa-70 Pa. (c) For a long time at 50 Pa,
100 Pa, 500 Pa, 1 kPa, and 5 kPa. (d) For calculating the response and recovery time of the fabricated sensor.

2. Experimental details
2.1. Fabrication of the porous dielectric layer and the pressure sensor

The fabrication process of a porous PDMS dielectric layer is illus-
trated in Fig. 1 (a). Polydimethylsiloxane (PDMS; Dow Corning Sylgard
184), a prepolymer, mixed with its curing agent in a weight ratio of 10:1.
After mixing, deionized water (DIW) was added to the mixed solution in
a weight ratio of 80:20 (PDMS: DIW). The solution of PDMS and DIW
was mixed at 1000 rpm for 1 h by using a magnetic stirrer. For the
fabrication of a dielectric layer of uniform thickness, the two glass slides
were taken, and the glass slides were attached by using a spacer of the
thickness of 1.2 mm. The mixed solution of PDMS and DIW was poured
into the gap of 1.2 mm between the glass slides. For cross-linking be-
tween PDMS polymer, the assembled sample was annealed at 100 °C for
6 h, and during annealing, DIW present in the PDMS+DIW solution
evaporates and leaves pores in the PDMS layer. The annealed porous
PDMS layer was peeled off from the glass substrate and cut into a 20 mm
x 20 mm piece from the cured sample for the characterization of elec-
trical and sensing properties.

ITO coated PET substrates of 130 pm thickness were taken to sand-
wich the fabricated dielectric layer to form a flexible pressure sensor,
and for the adhesion between substrates and the dielectric layer, a thin
layer of PDMS solution was applied on the substrates. For the curing of
PDMS adhesion layer, the whole sample was heated at 90 °C for 1 h, and
the copper wires were attached to both sides of the conducting surface of
the ITO coated flexible substrate for further measurements.

2.2. Characterization of porous PDMS layer and measurements

The presence of the porosity in the PDMS and porous PDMS (PDMS-
DIW) dielectric layers was confirmed from the cross-sectional images
using the scanning electron microscopy (SEM) technique as represented
in Fig. 1 (c) & (d). A thin glass slide with a dimension of 12 mm x 12 mm
of 555 mg weight was placed at the middle of the fabricated sensor
having a 20 mm x 20 mm size to fix the effective area of the sample. The
dead weights were used for applying static pressure on the glass slide,
which is kept on the sample, as shown in Fig.3.

The variation of capacitance value at different applied pressure for
the developed sensor was measured by the impedance analyzer (HIOKI
3532-50 LCR Hi-Tester) at 1 MHz frequency. The fabricated sensor was
kept on the solid insulating surface to make a perfect difference in
capacitance value. The static pressure was applied by loading and
unloading dead weights at the middle of the developed sensing device to
avoid disturbance during measurement. The well-defined blood pressure
was generated on the pressure sensor sandwiched between the mandrel
and the cuff using Fluke non-invasive blood pressure (NIBP) analyzer.

3. Results and discussion

The porous PDMS dielectric layer was formed by mixing DIW in the
PDMS layer, and the developed porous PDMS layer was sandwiched
between the flexible electrodes, as shown in Fig. 1 (a). The detailed
fabrication process of the designed device is given in the experimental
section. The porosity in the PDMS and PDMS -DIW (porous PDMS) layer
was identified by cross-sectional SEM images, as illustrated in Fig. 1 (b &
c). Fig. 1(b) represents the cross-sectional SEM image of the pure PDMS
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Fig. 5. The relative difference in capacitance versus the external pressure at different regions of (a) 10 Pa-100 kPa (b) 1-5 Pa. (c) 10-50 Pa. (d) 100-500 Pa. (e) 5

kPa-30 kPa.

layer, which shows no porosity present in the layer. Similarly, Fig. 1(c)
illustrates the cross-sectional SEM image of the cured-porous PDMS
layer, which shows a well-defined cross-net structure representing the
well-defined network of void in the bulk PDMS structure. The developed
voids/porosities create significant changes in the pressure sensor’s
capacitance in dynamic or static pressure conditions.

The capacitance response for the developed sensor with PDMS and
porous PDMS layer was measured by applying the external pressure
using dead weights, as described in Section 2.2. The applied pressure
value depends on the value of force and the area of the sensor. Here, the
sensing device’s effective area was fixed by putting a thin glass slide of
dimension 12 mm x 12 mm on it. After fixing the device area, the
external pressure depends only on the force applied by the dead weights,
which were made according to the glass slide’s dimensions. The relative
difference in capacitance (AC/Cy, where AC = C - Co; Cy is the capaci-
tance’s value of the sensor without any external pressure) versus time
was measured by varying external pressure ranging from 1 Pa to 100
kPa. The experimental arrangement for evaluating the change in ca-
pacitance’s value is illustrated in Fig. 2. The pressure sensor electrodes
are attached to the LCR meter to obtain the capacitance, reactance, and
other vital electrical parameters for a possible electronic digital display
unit.

The sensing device having a porous PDMS dielectric layer detects
ultra-low pressure of 1 Pa and gives approx. 0.07% relative change in
capacitance as illustrated in Fig. 3 (a). Similarly, the relative change in
capacitance increased with increasing the applied pressure from 1 Pa to
100 kPa, as shown in Fig. 3. The sensor gives a maximum of 15% relative
difference in capacitance for a pressure of 100 kPa. The sensing device
having a PDMS layer (PDMS without DIW) detects the lowest pressure of
10 Pa and gives approx. 0.03% & only 3.01% relative difference in
capacitance for external pressure of 10 Pa and 100 kPa, respectively.

The change in capacitance versus time at step-wise change of
external pressure was also measured for the sensor having a porous

PDMS layer to confirm the device’s repeatability, as shown in Fig. 4 (a &
b). In Fig. 4 (a), the change in capacitance values was measured by
putting different dead-weights for applying the pressure of 10 Pa, 20 Pa,
30 Pa, and 50 Pa, whereas in Fig. 4(b), the capacitance values were
measured at different external pressure, which was applied by putting
weights on one another from 10 Pa to 70 Pa and in reverse from 70 Pa to
10 Pa by lifting the weights one by one. The fabricated sensor also shows
a linear response for step-wise external pressure change, as illustrated in
Fig. 4 (a & b).

The developed sensor’s operational stability was also checked by
applying different pressure for a long time (for 2 h), as shown in Fig. 4
(c). The change in the capacitance value remained constant for 2 h at
each applied pressure, i.e. 50 Pa, 100 Pa, 500 Pa, 1 kPa, and 5 kPa. The
response time during loading and recovery time during unloading is
shown in Fig. 4 (d). The device’s capacitance was immediately changed
from 5.8 pF to 6.6 pF within 110 ms under the application of an external
pressure of 500 Pa. When the pressure was removed, the sensor gains its
initial capacitance value in the same time interval (inset of Fig. 4 (d), the
sensor shows the response and recovery time of 110 ms).

The sensitivity (S) of the fabricated sensing devices was calculated by
the slope of the relative change in capacitance versus the applied
external pressure. The sensitivity of the pressure sensor (S) is defined as
the ratio of variation in the relative change in capacitance and the
applied external pressure [13], i.e. S = 8(AC/Cy)/5P.

The graph between relative change in capacitance and the applied
pressure (ranging from 1 Pa-100 kPa) is shown in Fig. 5 (a). The pres-
sure points/range was selected for various regions depending on the
requirement of measuring pressure, i.e. first pressure region (1-5 Pa),
second pressure region (10 Pa — 50 Pa), third pressure region (100
Pa-500 Pa), and fourth pressure region (5 kPa-30 kPa). The fabricated
device with the PDMS-DIW layer has a linear response in all pressure
regions. The sensitivity of the developed sensor was found 1.7 E—3
kPa~! (Fig. 5 (b)), 0.068 kPa™! (Fig. 5 (¢)), 0.095 kPa~! (Fig. 5 (d)), and
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Fig. 6. (a) Comparison between the pressure sensors’ sensing performance having PDMS-DIW (Porous PDMS) and PDMS dielectric layer. (b) The relative difference
in capacitance versus time at various static pressure ranges from 55 mmHg to 220 mmHg using the NIBP analyzer. (c) Variation of the relative difference in

capacitance with applied pressure ranges from 55 mmHg to 220 mmHg.

Table 1
Comparison between the capacitive pressure sensors based on PDMS microstructure.
Transduction mechanism Material/structure Sensitivity (Pressure range) Response/ Recover time Minimum detection References
Capacitive PDMS/Wrinkled microstructure 0.0012 kPa~! (<1 kPa) 578/782 ms NA [36]
4.2 E—6 kPa ! (>8 kPa)
Capacitive Porous PDMS 0.26 kPa~! (0-0.33 kPa) 15/—ms 1Pa [13]
0.01 kPa~" (0.33-250 kPa)
Capacitive Porous PDMS 0.046 kPa ! (0.01-0.05 kPa) NA 5 Pa [49]
0.051 kPa ™' (0.1-0.5 kPa)
Capacitive Bubble trapped PDMS 5.5 E-3 kPa~! (0-10.20 kPa) ~351/386 ms NA [54]
Capacitive PDMS/DIW 0.068 kPa~1(0.01-0.05 kPa) ~110/110 ms 1Pa This Work

0.095 kPa~(0.1-0.5 kPa)

1.4 E-3 kPa~! (Fig. 5 (e)) in 1st, 2nd, 3rd and 4th pressure regions,
respectively. One can construct a new pressure range and calculate its
sensitivity depending on the measurement pressure.

A comparison between the sensitivities of the devices having PDMS
layer (PDMS without DIW) and porous PDMS (PDMS with DIW) layer
was studied, and it was found that the sensitivity of the device with
PDMS-DIW layer was significantly improved compared to the device
having PDMS layer in 2nd (inset of Fig. 6 (a)) and 4th pressure regions as
shown in Fig. 6 (a).

Due to the improved sensitivity of the developed device with porous
PDMS layer in the 4th pressure region, the device was tested by applying
static pressure in the pressure range of 55 mmHg to 220 mmHg to
explore its suitability for monitoring human blood pressure. The
developed device was attached to the mandrel, and a cuff was wrapped

over it, which is connected with Fluke NIBP analyzer by which the static
pressure was applied. The change in capacitance values was different for
every static pressure value, as shown in Fig. 6(b) and the sensor has a
linear response with a sensitivity of 2.92 E—4 mmHg ! in the applied
static pressure range of 55 mmHg to 220 mmHg, as shown in Fig. 6(c). A
comparison chart of various capacitive pressure sensors based on PDMS
microstructure pattern is given in Table 1, which shows that the sensor
reported in this article showed high sensitivity and ultra-low detection
limit.

Blood pressure (BP) monitoring for different BP ranges was per-
formed after getting the good sensitivity under static pressure in the
blood pressure range (from 55 mmHg to 220 mmHg). The flexible
pressure sensor was sandwiched between the mandrel (act as an artifi-
cial human hand) and cuff; the cuff was connected with the OMRON BP



Bijender and A. Kumar

Sensing and Bio-Sensing Research 33 (2021) 100434

Fig. 7. Human blood pressure (BP) monitoring of the fabricated sensor at different BP values with the heartbeat of 60 BPM. (a) For low BP value. (b) For Normal BP

value. (c) For high BP value. (d) For BP value of 90-80.

machine and also combined with the Fluke NIBP analyzer, and the
output was taken in terms of capacitance value by using LCR meter.

The pressure was applied to the cuff wrapped on the mandrel by the
OMRON BP machine. The BP machine started applying pressure in the
cuff; simultaneously, the pulse having systolic- diastolic value with 60
beats per minute (BPM) was given by the Fluke NIBP analyzer on the
mandrel. The pressure sensing device shows an entire curve in terms of
capacitance values starting from applying the pressure, deflation curve,
and releasing pressure from the cuff. The deflation pressure curve was
extracted from the pressure generated by the BP machine and the
oscillometric waveform produced by the NIBP analyzer. The variation of
capacitance was the overlapping of two curves; the first curve was due to
the pressure of the cuff, and the second curve was due to the human
pulse given by the NIBP analyzer. The human pulse waveform was
extracted from the deflation curve, also known as an oscillometric
waveform, as shown in Fig. 7 (a—d). Our low-cost pressure sensor gives a
well defined signature of the oscillometric waveform for different BP
ranges (i.e. normal, low and high) and shows their potential for other
biological applications. However, we have to improve further the
developed sensor’s sensitivity for getting well resolved oscillometric
waveform. In the future, we will improve its sensitivity by further
altering the structure of the PDMS layer and explore their applications in
wearable electronic devices.

4. Conclusion
We have fabricated capacitive flexible pressure sensors with a porous

(PDMS-DIW) dielectric layer over a large operating pressure range (from
1 Pa to 100 kPa). The PDMS-DIW layer device’s pressure sensitivity was

remarkably improved compared to the device with only the PDMS layer.
The device shows the sensitivity of 1.7 E—3 kPa~! in the pressure range
of 1-5 Pa, 0.068 kPa~! in the pressure range of 10-50 Pa, 0.095 kPalin
the pressure range of 100-500 Pa, and 1.4 E—3 kPa! in the pressure
range of 5-30 kPa, respectively. The pressure sensor maintains its sta-
bility for a long time measurement at different applied pressure and
responds quickly during loading/unloading of dead weights with a
response and recovery time of nearly 110 ms. Due to its improved
sensitivity and quick response, the NIBP analyzer was used to detect the
oscillometric wave form of known systolic and diastolic pressure. The
developed sensor showed their potential to use as human health-care
devices and wearable electronic devices.
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