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Abstract

Recently, the high need for artificial intelligence, human motion monitoring, and wearable devices that can be utilized to track
human health conditions, particularly for patients experiencing any sickness, has drawn serious interest from researchers. The
flexible pressure sensors are a promising possibility for these human—-machine interface applications because of their quick
reaction, huge sensitivity, and ultra-low detection limit. These flexible sensing devices provide real-time statistics about the
conditions of the human body, like blood pressure and heartbeat estimation, to recognize cardiovascular-related diseases. We
have developed a versatile and wearable capacitive sensing device by changing the polydimethylsiloxane (PDMS) dielectric
layer's structure using a scrubber layer which introduced the porosity in the dielectric layer. The developed sensor showed
excellent response under static pressure and dynamic pressure applications. Due to large sensitivity, high working stability,
and speedy reaction (120 ms), the versatility of the pressure sensor has been demonstrated in various human motion monitor-
ing applications like wrist bending, palm grip, elbow bending, knee twisting, and vocal-cord vibration detection. In addition,
the developed sensor was also used in human—machine interface applications to perceive heartbeat and wrist-pulse motion

under typical and after-exercise conditions.
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Introduction

Human blood pressure is an important physiological param-
eter that must constantly be checked to detect cardiovas-
cular disorders like heart failure and early stroke, which
damage vital human organs in the long term [1-3]. A major
contributing factor to kidney failure and a leading cause of
death worldwide is high blood pressure, often known as
hypertension (“the silent killer”). Therefore, it is crucial
to monitor blood pressure (BP) in order to pre-diagnose
medical conditions and maintain overall good health. In
addition to blood pressure, real-time and ongoing physi-
ological signal monitoring is necessary for mobile health,
which is growing as a popular technique for effective and
convenient medical services [4-6]. In the United States, for
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instance, about 83% of doctors currently use mobile health
approaches to keep an eye on their patients' health [7, 8].
These strategies involve applying various systems to track
various physiological signs. Today, flexible and wearable
pressure sensors (or flexible electronics) are crucial and can
be utilized as human—machine interface devices to monitor
human blood pressure and various physiological activities
[9]. Therefore, in recent years, there has been an expedi-
tious increase in the demand for flexible electronic tech-
nology consisting of electronic skin and wearable devices
[10, 11]. Due to their skin-sensing capabilities, electronic
skin devices can be used in artificial intelligence, human
health, and motion monitoring devices [12—-18]. Flexible
electronic technology has great potential, by which portable
and wearable devices can replace traditional medical diag-
nostic instruments with convenient features. Conventional
healthcare devices include metal-based pressure sensors
and rigid semiconductors, which are poorly biocompatible
due to their rigidity [19]. The rigid sensors are unsuitable
for flexible wearable devices due to their limited sensing
range, low sensitivity, and incredibly low flexibility [20].
As a result, flexible wearable and electronic skin devices
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are predominantly used to upgrade conventional healthcare
services for applications, including health monitoring. These
healthcare systems gave a new paradigm to the patients to
assess or pre-diagnose the illness at any time or place [21].
Flexible and wearable sensing devices play a crucial role in
advancing flexible electronic technology due to their distinct
advantages, such as low power consumption, high sensitiv-
ity, low cost, spectacular working stability, and enormous
mechanical flexibility [22-25]. Due to the superior perfor-
mance of the flexible sensing devices, it fulfills the urgent
need in the clinical market for human health/wellness and
physiological monitoring devices. Because of their extreme
mechanical flexibility, these pressure-sensing devices could
be used as wearable devices that can be easily employed in
portable medical diagnostic devices for actual tracking of
the various human activities personally at home. In addi-
tion, Flexible and wearable sensing devices should also be
self-powered, self-healing, and able to integrate numerous
complicated applications with multiple sensors. But wear-
able sensing technology still has a long way to go before it
can effectively adapt to these applications in terms of quick
response [26], high working stability [27], ultra-low detec-
tion limit, and strong robustness [28] to adapt practically to
these applications. That is why a lot of work is to be done to
develop a highly sensitive flexible sensing device that can
be applied for the above applications.

In this regard, to date, many researchers have demon-
strated a variety of flexible pressure sensors having high sen-
sitivity and high mechanical flexibility based on the piezore-
sistive [29-34], capacitive [35-42], piezoelectric [43—49],
and triboelectric [50-53] transduction mechanisms and they
also explored their applications in wearable devices [19,
54-57], electronic skin [5, 27, 58—62], and human physi-
ological monitoring [22, 63-65]. Several review articles on
different transduction mechanisms with their fabrication
approaches and applications of pressure sensors have been
published [12, 20, 66-68]. Out of the existing transduc-
tion mechanisms, the sensing devices based on a capaci-
tive transduction mechanism have fast response, low power
consumption, ease of processing, high working stability,
low hysteresis, and detection limit of ultra-low pressure as
compared to sensors based on other mechanisms. Due to
these advantages, we have selected capacitive pressure sen-
sors that meet the requirements of monitoring human physi-
ological activities, blood pressure, and heartbeat pulse. In
prospect, due to the high flexibility of these sensing devices,
respiratory monitoring applications form good contact with
the human skin without causing any harm to the human
body. So, flexible capacitive pressure sensors are potential
candidates compared to other pressure sensors due to their
functional advantages and numerous wearable applications.

In capacitive sensors, a dielectric is sandwiched between
two parallel conducting plates, and its capacitance is
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influenced by the thickness of the dielectric layer (d) and
the relative area of the electrodes (A). The mathematical
representation is given by

C=¢,A/d

where ¢, is the dielectric constant in a vacuum, these sensors'
sensitivity is closely correlated with how their capacitance
values vary in response to external pressure. As previously
stated, the area and thickness of the dielectric layer affect
the capacitance value. The sensor's area can be increased,
and the value of d can be reduced as much as possible by
tweaking the microstructure of the dielectric layer, which
will ultimately raise the sensor's sensitivity. In this regard,
researchers have done excellent work and improved the sens-
ing device's key parameters by different methods [69-71].

As was already said, a capacitive pressure sensor's perfor-
mance depends on the features of its elastomeric dielectric
layer, which must have high flexibility and elasticity. Due
to its great flexibility and elasticity and ability to change
its structure to suit the application's needs, polydimethyl-
siloxane (PDMS) elastomer is a potential candidate for
the dielectric layer to develop a capacitive pressure sensor
among many other elastomers. PDMS possesses some excit-
ing properties, such as being chemically inert, good thermal
stability, high physical toughness, resistance to biodegrada-
tion, biocompatibility, and simple fabrication method, and
ease of structure modification [72]. These properties make it
more suitable for biomedical applications. Over and beyond
its benefits, PDMS has a significant drawback in that it can-
not produce a tangible link among various metal electrodes.
We used an indium-tin-oxide (ITO)-coated polyethylene
terephthalate (PET) substrate for electrodes to overcome
this drawback. It also has high flexibility and transfers the
applied pressure to the PDMS dielectric layer. Changing the
PDMS layer's structural layout can significantly enhance
a capacitive pressure sensor's performance. We have also
developed a capacitive pressure sensor using PDMS as a
dielectric layer and ITO-coated PET substrate for flexible
electrodes. In the earlier work [39], the PDMS dielectric
layer was micro-structurally altered using a scrubber layer
to improve its key features.

This paper is an extension of our previous work [39],
where the effectiveness of the sensor is increased by increas-
ing the porosity of the PDMS dielectric layer using two
layers of a scrubber. First, the sensor was tested under the
application of static pressure over a wide pressure range, and
simultaneously, the response or recovery characteristics and
the device's reliability were investigated. After the device's
observed admirable performance, the developed device's
applications are extended into human health monitoring
like wrist-pulse, heartbeat, and blood pressure measure-
ment at normal and after-exercise conditions. The sensor
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also monitored human physiological activities like palm
grip, vocal-cord vibration, vocal motion during swallowing,
wrist, elbow, and knee bending. Due to magnificent sensitiv-
ity and application in human state motion recognition, the
developed sensing device shows its potential for E-skin and
robotic applications.

Experimental Section
Fabrication of the Pressure Sensor

The sensor was fabricated the same way we had done in
the earlier reported work [39]. However, there was a slight
change in the fabrication process to increase the porosity
of the dielectric layer. In this work, two layers of scrub-
ber (thick layer) were taken instead of a single layer to cre-
ate more porosity, and further, it was used in the formation
of a dielectric layer. The thick layer of the scrubber was
coated with a 10:1 mixture of PDMS and its curing agent,
which was then solidified by annealing it at 100 °C for 2 h.
After the curing procedure, the PDMS-Scrubber layer was
removed from the petri dish and used as a dielectric layer
(thickness—2.6 mm and dimension—18 mm X 18 mm) by
sandwiching it between the flexible electrodes to develop
the pressure sensor. The preceding reported work gave the
schematic representation of the sensor's fabrication process.

Characterization of Dielectric Layer
and Measurements

A scanning electron microscope (Zeiss EVO 18) at 15 kV
and a digital microscope (Celestron microscope) were used
to study the surface morphology of the prepared dielectric
layer. The microscopic and optical images of the PDMS-
Scrubber layer taken by the above microscopes confirmed
the presence of the large pores in the form of voids.

The static pressure measurement, response, recovery time
characteristics, working stability, and the prepared device's
applications were performed at atmospheric conditions with
an impedance analyzer (HIOKI 3532-50 LCR Hi-tester).
The value of the applied pressure depended only on the
mass of the dead weights because the effective area of the
device was fixed. In order to maintain the device's effective
area during the static pressure measurement, a glass plate
of optimized dimension 12 mm X 12 mm was used, and the
external pressure was applied by placing the self-made dead
weights on the glass slide. The dead weights are traceable to
mass standards and area from dimension metrology. The var-
iation in the capacitance values was observed under the exte-
rior pressure ranging from 10 Pa to 54 kPa at a frequency of
1 MHz. Similarly, for actual tracking of human health and
physiological actions, the sensor responds in terms of change

in the capacitance values during the motion of human body
parts at different angles.

Results and Discussion
Characterization and Performance of the Sensor

As said earlier, the preparation method of the sensor was the
same as reported in the preceding work, with a slight differ-
ence in that there was a two-layer scrubber incorporated in
the PDMS layer to enhance the porosity [39]. The prepared
micro-structured dielectric layer dimension was 2.6 mm
thick and 18 mm X 18 mm. Figure 1 shows the scanning
electron microscopic and optical images of the prepared
dielectric layer, taken by SEM and digital microscope. The
side-view SEM images of the PDMS-Scrubber layer (porous
PDMS layer) clearly show the presence of large pores, as
shown in Fig. 1a and b. Figure 1c and d represents the top
and side-view optical images of the developed layer, and
they also show the presence of the pores in terms of voids
and bubbles.

The prepared sensor was tested under static pressure con-
ditions, similar to our previous work [39]. The experimen-
tal setup and the conditions were the same as the earlier
reported work. A schematic diagram of the experimental
setup is given in Fig. 2a. But in this work, the sensor showed
a more significant change in the capacitance values due to
increased porosity in the elastomeric layer when the external
pressure was applied. The fabricated device offers a relative
change of 0.1% and 55% in capacitance values for 10 Pa
and 54 kPa pressure, respectively (as represented in Fig. 2).
In contrast, the preceding sensor showed only 0.03% and
23.76% for 10 Pa and 54 kPa pressure. The sensor exhibited
approximately a linear behavior with the external pressure
over a wide range (from 10 Pa to 54 kPa), as given in Fig. 3a.

There was an increment in the sensor's sensitivity over the
entire pressure domain compared to the earlier developed
sensor. The prepared device showed the sensitivity (%) of
0.017 Pa~! and 0.021 Pa™! for the pressure range of 10 Pa
to 50 Pa and 100 Pa to 500 Pa (as illustrated in Fig. 3b and
¢), which is approximately four times more in comparison
with preceding sensor. The sensor also showed better sensi-
tivity in the pressure domain of 5 kPa to 30 kPa, which was
7.94x 10~ kPa™", as represented in Fig. 3d.

After getting good results for the static pressure meas-
urement, the sensor's working stability was tested under
pressure for a long time with the help of dead weights to
check its performance for long time. The sensor showed a
negligible change in capacitance values for nearly an hour
at various pressure values of 100 Pa, 500 Pa, 5 kPa, and
30 kPa, which confirmed the high operational stability of the
device, and the sensor can work for a long time without loss
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Fig. 1 a and b SEM images of the fabricated micro-structured dielec-
tric layer (PDMS-Scrubber) from the side-view indicate the poros-
ity in terms of many pores inside it. ¢ and d An optical microscopic

in the output signal (as represented in Fig. 4a). Besides this,
the time consumption by the sensor during the response and
recovery process was also calculated by loading or unload-
ing the weights on the sensor, as illustrated in Fig. 4b. It was
found that the sensor responded very quickly with a response
time of 120 ms and also recovered speedily with a time of
120 ms when the weight was lifted off, within the limitation
of the time used for mechanical loading and unloading of the
sensor by using dead weights.

The fabricated sensing device responded very well under
the static pressure applied from 10 Pa to 54 kPa and showed
high sensitivity, quick response, and high working stabil-
ity. A comparative study between the key parameters of the
developed sensor with our previous sensor and other existing
PDMS-based sensor is given in Table 1.

To check the suitability of the developed device for blood
pressure monitoring applications, first, its performance
should be checked under the influence of the pressure in
terms of mmHg, whether its response or not in the range of
human blood pressure. In this regard, the response of the
sensor was recorded under the external pressure, which was
in terms of mmHg rather than in Pa. The range of the exter-
nal pressure was chosen in such a way that it can include
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image of the porous PDMS layer also confirmed the residence of the
pores in terms of voids and air bubbles

the complete blood pressure (BP) range (i.e., low, standard,
and high BP) of humans. The pressure was applied from 50
to 240 mmHg in the forward and reverse directions with
the help of non-invasive blood pressure (NIBP) analyzer.
Again, the sensor shows an outstanding response to apply-
ing pressure in forward and reverse trends as it had done in
static pressure measurement. There was approx. 20% and
53% relative difference in the capacitance for 50 mmHg and
240 mmHg pressure values, respectively. The sensor showed
almost a linear behavior with the applied pressure in the for-
ward and reversed direction. It was found that the response
curves completely overlap each other, proving the sensor's
reliability. The sensitivity in terms of mmHg of the sensor
was obtained by the slope of the graph between the changes
in capacitance values (AC/C,) and the varying external pres-
sure from 50 to 240 mmHg that was of 0.16 mmHg ™!, as
shown in Fig. 5c.

Applications
According to the explanation in section "Characteriza-

tion and Performance of the Sensor" above, the developed
sensing device exhibits outstanding sensitivity, rapid
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response to applying pressure, and good functioning sta-
bility. When the sensor was tested for static pressure in
the 50 to 240 mmHg range of human blood pressure, it
responded immensely to the applied pressure. Due to its
exceptional performance, the sensing device was examined
for its numerous applications in monitoring human health
and physiological activities, which will be discussed in
this section. All the experiments for tracking physiologi-
cal activity and health were conducted on the author's
body. By acknowledging this, the author agrees that all

0 50 100150200 250300350400
Time(sec)

0 50 100150200250300350400
Time(sec)

the experiments were performed on his body and that no
other person was harmed during these demonstrations.
First, under regular and post-exercise situations, wear-
able real-time wrist-pulse and heartbeat monitoring was
demonstrated. The sensor's capacitance variations owing to
undesired signals or noise were measured before monitor-
ing wrist pulse and heartbeat accurately by fastening the
sensor to a person's palm. The sensor showed an approxi-
mate 1.5% relative change in capacitance value as noise or
undesired signal, as shown in Fig. 6e. The developed sensor
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Table 1 A comparison between the key parameters of capacitive pressure sensors with developed sensor (bold letters)

Mechanism  Material/structure Sensitivity (Pressure range) =~ Lowest detection ~ Response/recovery time  References

Capacitive PDMS/Wrinkled microstructure 0.0012 kPa~! (<1 kPa) - 578/782 ms [73]
42x107°kPa~! (>8 kPa)

Capacitive Microporous PDMS 0.28 kPa™! 38.8 Pa 340 ms [74]

Capacitive Bubble trapped PDMS 5.5% 1073 kPa™! - ~350/385 ms [75]

Capacitive PDMS/microstructure 0.1 kPa™' (< 12 kPa) - 190/- ms [76]

Capacitive PDMS/microstructure 0.0046 Pa™! (<0.05 kPa) ~5Pa - [39]
0.0051 Pa™! (<0.5 kPa)

Capacitive PDMS/microstructure 0.017 Pa~! (< 0.05 kPa) 10 Pa 120/120 ms This work

0.021 Pa~! (< 0.5 kPa)
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Fig.5 a and b The capacitance response curve of the sensor at numer-
ous external pressure values ranging from 50 to 240 mmHg in forward
and reverse directions using the NIBP simulator. ¢ The pressure response
curve of the sensor with porous PDMS layer in both directions of external
pressure varies from 50 to 240 mmHg

was attached to a person's wrist for wrist-pulse monitoring
(see inset of Fig. 6), and the output signal was measured in
the form of capacitance values using an impedance analyzer.
The sensor manifested a relative change of approx. 9% in
the capacitance value at standard conditions, with a relative
change of approx. 20% after exercise, as given in Fig. 6a and
b. As we know, after exercise, the flow of blood increases in
the human body, which exerts more pressure on the wall of
arteries/veins, and our advanced sensor tracked that exerted
pressure very well. Figure 6b demonstrates that the sensor
exhibits a 20% relative change after exercise and that the
variation in capacitance value reduced as the person relaxed.
The difference in capacitance value returns to around 9%
when the human is completely relaxed, and the same as for
the normal condition. Similar to this, the heartbeat was also
tracked by placing the sensor on a human's chest (inset of
Fig. 6), and a relative change of around 10% was seen when
the subject was at ease or in a normal state (as shown in
Fig. 6¢). After exercise, the capacitance value changed rela-
tively by around 23%, which is more than twice as much as
under normal circumstances. So, in both cases, the designed
device immediately detects changes in blood flow and heart-
beat (regular and after exercise).

On behalf of these good results from the wrist-pulse and
heartbeat monitoring, the fabricated sensor proved its capa-
bility for some more advanced applications. So, the devel-
oped sensing device was tested for human blood pressure
monitoring under relaxed and after-exercise conditions.
Because blood pressure monitoring for humans is vital,
especially for patients suffering from cardiovascular and
kidney diseases. For blood pressure monitoring, the sen-
sor was attached to the elbow of the human, and a cuff was
wrapped over the hand above the sensor, which was con-
nected to the OMRON blood pressure machine (as shown
in Fig. 7a). The OMRON machine applied the pressure in
the cuff until blood flow was nearly blocked in the human
arteries/veins and then decreased the pressure slowly until
fully vented. The fabricated sensor senses the blood flow in
the human artery/vein during the process, and the sensor
output is measured as a capacitance value from the imped-
ance analyzer. As we can see in Fig. 7b and c, when the
OMRON started to apply the pressure, the capacitance value
of the sensor increased because the pressure near the cuff
was more due to the cuff's inflation, and the sensor got maxi-
mum capacitance value when full pressure was applied in
the cuff. After that, the capacitance value decreased with the
pressure decrease in the cuff. Along with this envelope, there
were fluctuations due to blood flow concerning systolic and
diastolic pressure. The fluctuations concerning systolic and
diastolic were more for exercise conditions (153—85) than
for the relaxed state (118-78). This happened because of the
high blood flow speed after exercise and due to which more
fluctuations were obtained in the envelope, as represented
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in Fig. 7b and c. The fabricated device detects the complete
envelope used for systolic and diastolic blood pressure cal-
culation in normal and exercise conditions.

To demonstrate the feasibility of the developed device in
the portable and wearable electronic sensor, a sequence of
demonstrations is done to detect the various human joint-
motion activities like palm grip, wrist bending, elbow bend-
ing, knee bending, and vocal-cord motion or vibration, as
given in Fig. 8a—e. First, the designed sensor was placed on
the human's wrist to detect the gripping and open activity
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of the palm (Fig. 8a), which could be helpful for physical
training. As shown in Fig. 8b, the sensing performance of
the sensor is recorded for the bending motion of the wrist at
different angles on the upper side by attaching the device to
the wrist joint of the human body. The sensor gives different
capacitance values for the different angles. The capacitance
value increases with increasing angle as pressure increases
with the wrist bending on the upper side.

Further, the bending motion of the elbow is also tracked
by placing the sensor on the elbow joint, and the elbow is
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wrist, elbow, and knee bending at five different angles (inset: photo-
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graph of the sensor attached to the wrist, elbow, and knee joint of the
human body). e The device was mounted on the vocal cord to detect
voice signals while pronouncing 'A' and 'B' and the motion of the
throat during swallow activity
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bent at five different angles up to a maximum of 90°, as
given in Fig. 8c. Similarly, the device shows five different
capacitance values for the five different bending angles of
the elbow. At small angles, the human body exerts little pres-
sure (due to strain in muscles) on the sensor, so there was
a minor change in capacitance value. But, at approx. 60°
and 90° angles, the human body exerted more pressure (at
these angles, the sensor was sandwiched between the lower
and upper arm), and due to that, there was a rapid increase
in the capacitance response of the device. Therefore, it has
been said that the PDMS-scrubber sensor can be used to
distinguish between different orientations of wrist and elbow
movements.

Figure 8d presents the response of the capacitance signal
of the sensor for the bending motion of the human knee at
five different angles in both directions: (1) from 0 to 90°
angle and (2) from 90 to 0° angle. The sensor is attached to
the knee joint to track its motion, giving different capaci-
tance values for different angles, with a maximum value at
an angle of 90°. At an angle of 90°, the maximum strain
was applied to the sensor due to the complete bending of
the knee, and the sensor was in a bent shape, which resulted
in a sharp increase in the capacitance value. The continuous
bending of the knee in forward and reverse directions was
also tracked, as shown in Fig. 8d. Thus, the sensor could
monitor knee injuries or movement during running.

Furthermore, the porous sensor was attached to the vocal
cord/throat to record the voice signal during the pronuncia-
tion of the alphabet and swallow activity, as illustrated in
Fig. 8e. Clear spikes were presented in the sensor's capaci-
tance response while pronouncing the alphabets ‘A’ and ‘B.’
During swallowing, the sensor's capacitance was decreased
from 3.3 to 2.9 pF. This happens because while swallowing,
the throat goes inside for some instant, and at that time, the
sensor has relaxed from the attachment to the throat, which
increases the thickness of the dielectric layer (d) because it
was little pressed during attachment by adhesive tape on it.
Due to an increase in the d value, the capacitance of the sen-
sor was decreased during the activity. Thus, all these dem-
onstrations highlighted that the PDMS-Scrubber sensor has
great potential for usage in various human health and motion
detection applications. These promising applications of the
developed device make it suitable for human—machine inter-
face, electronic skin, and robotic skin applications.

Conclusion

In conclusion, we have developed a capacitive pressure sen-
sor using PDMS as a dielectric layer. The porosity was intro-
duced at a large scale in the PDMS layer using scrubber lay-
ers to boost the sensor's performance. Cross-sectional SEM
and optical microscopic images confirmed the existence of

@ Springer

pores in the elastomeric layer. The porous sensor showed
remarkable sensitivity of 0.017 Pa~! in a pressure range of
10 Pa to 50 Pa and 0.021 Pa~! in 100 Pa to 500 Pa. The sen-
sor illustrates great potential for low-pressure detection, high
operational stability, linear response over a wide operating
pressure range, and a reasonable response time of 120 ms.
The pressure sensor results in static pressure measurement
suggest possible uses as a wearable pressure-sensing device
for various applications, including wrist-pulse, heartbeat,
and blood pressure measurements. The sensing device also
detected human body motions like palm gripping, wrist
bending, elbow bending, knee bending, and vocal-cord
vibrations. Hence, due to the simple fabrication method
and great sensing performance in static and dynamic pres-
sure measurement, the developed sensor proved the potential
for human health monitoring, detection of human motions,
electronic skin, and robotic skin applications.
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