
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:4

7:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Evaluation of blo
aCSIR-National Physical Laboratory, Dr K.

India. E-mail: ashok553@nplindia.org
bAcademy of Scientic and Innovative Resea

† Electronic supplementary informa
https://doi.org/10.1039/d3ra06447f

Cite this: RSC Adv., 2023, 13, 35397

Received 22nd September 2023
Accepted 14th November 2023

DOI: 10.1039/d3ra06447f

rsc.li/rsc-advances

© 2023 The Author(s). Published by
od pressure using a flexible and
wearable capacitive pressure sensor†

Bijender, ab Shubham Kumar, ab Amit Soniab and Ashok Kumar*ab

In recent times, the high demand for flexible and wearable pressure sensors to monitor human health,

particularly for patients afflicted with hypertension or high blood pressure (BP), has captured the keen

interest of researchers. Capacitance-based flexible sensing devices offer real-time metrics regarding vital

physiological parameters of the human body, such as BP and pulse rate (PR), thereby enabling the

identification of cardiovascular complications. In this regard, we have developed a capacitive pressure

sensor using polydimethylsiloxane (PDMS) and deionized water (DIW) and improved its key parameters

by adding baking powder to PDMS-DIW. The sensor demonstrated excellent performance in static

pressure measurements with a sensitivity of 0.021 Pa−1, detection limit of 1 Pa, and response time of 100

ms. We further investigated its application in human BP monitoring. The sensor successfully captured the

oscillometric waveform (OMW) for all 160 participants and demonstrated excellent performance in

accurately measuring BP, meeting all criteria outlined as the universal standard when compared with the

reference devices: OMRON BP device and the gold-standard mercury-based sphygmomanometer.

Furthermore, the sensor accurately provided the PR and agreed well with the reference BP device.

Therefore, the developed BP sensor can be a viable alternative to replace the pressure sensors in existing

BP devices.
1. Introduction

BP refers to the force exerted by the blood on the arteries, which
act as pathways for blood ow from the heart. It is measured
based on two distinct values: systolic pressure (SP), which
represents the highest pressure exerted during blood ejection,
and diastolic pressure (DP), which reects the lowest pressure
experienced during heart relaxation. BP serves as a crucial
physiological parameter as it provides insights into heart
health, organ perfusion, and the overall hemodynamic stability
of an individual.1–3 Elevated BP or hypertension poses signi-
cant risks to human health as it is a prominent contributor to
cardiovascular diseases, organ failure, and stroke.5–7 Cardio-
vascular disease and the associated complications are consid-
ered the leading causes of death worldwide, claiming
approximately 18million lives in 2019 and accounting for nearly
one-third of all fatalities.4 Therefore, continuous BP monitoring
is crucial for the early identication and treatment of disorders
affecting the cardiovascular system.

The accuracy of BP monitoring devices highly depends on the
quality of the pressure sensor used in it. In recent years, exible
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pressure sensors have gained a lot of attention because of their
wide range of applications, including articial intelligence,8,9

electronic skin,10–12 human–machine interfaces,13–15 and health-
care monitoring technology.16–22 Despite the wide range of
applications, exible and wearable pressure sensors still have
several challenges, which revolve around achieving quick
response, high sensitivity, excellent operational stability, ultra-
low detection limits, and robustness.23,24 To address these chal-
lenges, many researchers have demonstrated a variety of exible
pressure sensors based on piezoresistive,25–27 capacitive,28–32

piezoelectric,33–35 and triboelectric14,36–38 mechanisms, presenting
high mechanical exibility and superior key parameters (such as
sensitivity, response/recovery time, working stability, and detec-
tion limit). They have also explored the applications of these
sensors in exible electronics, wearable devices, electronic skin,
and human–machine interface devices.18,39–43 In particular,
among these sensors, capacitive pressure sensors have drawn
signicant attention for monitoring physiological signals
because of their excellent key parameters and exible nature,
which allows them to form good contact with the human body
without causing any harm to the skin. These advantages make
capacitive sensors more suitable for applications in medical
diagnostic systems compared with other pressure sensors.

Capacitive pressure sensors employ a dielectric layer posi-
tioned between two parallel electrodes to detect external pressure
based on changes in capacitance.44 To improve the performance
of capacitive pressure sensors, researchers have explored various
RSC Adv., 2023, 13, 35397–35407 | 35397
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approaches to modify the structure of the PDMS dielectric
layer.45,46 These modications involve introducing pores,47,48

creating wrinkled structures,49 forming pyramids,50 or trans-
forming it into a sponge-like structure51 to meet the require-
ments of specic applications. Among these methods,
introducing pores in the dielectric layer has shown promising
results toward enhancing sensor performance, particularly in
monitoring human health.52 The introduction of porosity
provides the sensing device with high exibility, which is crucial
for attaching the sensor to the human body and accurately
monitoring physiological activities. Researchers have employed
different techniques to introduce porosity into the PDMS
dielectric layer. For instance, DIW,29 ammonium bicarbonate,53

or a sugar cube template32 can be utilized to create porosity in the
dielectric layer. This advancement in sensor design and structure
contributes to the development of more effective and reliable
wearable devices for monitoring human health.

In this regard, this study describes the development of
a highly sensitive and adaptable pressure sensor based on the
capacitive phenomenon by employing PDMS as the dielectric
layer. Baking powder and DIW were used to produce pores
inside the PDMS layer to improve sensor performance and meet
the needs of biological applications. The developed sensing
device showed excellent performance in static pressure
measurement, with a high sensitivity of 0.021 Pa−1, an
extremely low detection limit of 1 Pa, a quick reaction with
a recovery time of 100 ms, and high operating stability. The
aforementioned characteristics of the sensor demonstrate its
potential in BP and PR monitoring, and the sensor could trace
the oscillometric waveform very well for different health
conditions. The maximum amplitude algorithm (MAA)
approach, coded in the Python programming language, was
used to determine the values of SP, DP, andmean pressure (MP)
from the obtained OMW. A detailed analysis of several charac-
teristic ratios led to the xation of the SP and DP characteristic
ratios. To clinically validate the sensor, a clinical trial was also
carried out by including individuals from various age groups,
and the error in BP readings with respect to a popular BP device
(OMRON) and the gold-standard sphygmomanometer was
calculated. The proposed sensor exhibited high accuracy and
conformed to the international protocol established by the
AAMI/ESH/ISO standard, which stands for Advancement of
Medical Instrumentation, European Society of Hypertension,
and International Organization for Standardization.54

2. Experimental section
2.1. Fabrication of the pressure sensor

As illustrated in Fig. 1(a), polymer PDMS and its curing agent
(Dow Corning Sylgard 184) were mixed in a weight ratio of 10 : 1
using a magnetic stirrer. Baking powder with the chemical
formula NaHCO3 (purity 99.7%, Alfa Aesar) at 20 wt% and
1.5 mL DIW were added to the mixed solution and again stirred
to make a homogenousmixture. Themixed solution was kept in
a glass Petri dish and le at room temperature for 30 min to
settle the mixture and eliminate air bubbles that unintention-
ally formed during the stirring process. The solution was then
35398 | RSC Adv., 2023, 13, 35397–35407
heated for 30 minutes at 50 °C to make it dense and trap the
water droplets inside the solution. Then, the hot plate temper-
ature was raised from 50 to 120 degrees Celsius, and in the next
30 minutes, the baking powder disintegrated and emitted CO2

gas while the water droplets evaporated as well. As a result of the
simultaneous release of CO2 gas and water evaporation, large
porosity was introduced inside the cured PDMS layer, resulting
in a sponge-like or foam-like layer, as shown in Fig. 1(b). The
formed dielectric layer was carefully removed from the Petri
dish and positioned between two exible ITO/PET substrates
(indium tin oxide coated poly (ethylene terephthalate)) to make
electrical connections in subsequent investigations.

2.2. Structural characterization and measurements

The presence of porosity was examined using the top-view and
cross-sectional pictures acquired using a scanning electron
microscope (SEM) and the optical images captured with the aid
of an Olympus microscope SZ61. The static pressure measure-
ments were performed using an impedance analyzer (HIOKI
3532-50 LCR Hi-TESTER) at an applied frequency of 1 MHz and
DC bias 1 V voltage. For static pressure measurements, a glass
slide was used to x the effective area of the designed sensor,
and the dead weights with dimensions smaller than the glass
slide were placed on the slide to exert external pressure on the
sensor. A non-invasive blood pressure (NIBP) simulator was
utilized to optimize the characteristic ratios to calculate the
systolic and diastolic values and to nd the relationship
between capacitance (pF) and pressure (mmHg). To validate the
accuracy of the developed sensor, a comparison was made with
a mercury-based sphygmomanometer and an existing BP device
(OMRON HEM-7130).

3. Results and discussion
3.1. Device fabrication and structural characterization

As mentioned in the experimental section, PDMS was used as
the dielectric layer to construct the proposed sensing device. We
had previously developed a sensing device by combining DIW
with PDMS to improve performance. However, its performance
was not good enough for monitoring BP and only provided
a qualitative signature of the oscillometric waveform.29 There-
fore, in this investigation, baking powder was used to increase
the porosity of the PDMS-DIW layer to boost its performance
further at a large scale to obtain quantitative data while moni-
toring human BP. A blueprint of the entire fabrication proce-
dure is given in Fig. 1(a). Fig. 1(b), which depicts the optical
image of the highly porous PDMS layer, shows that the formed
dielectric layer resembled a sponge or foam layer. The top-view
and cross-sectional SEM images, as shown in Fig. 1(c) and (d),
also corroborate the presence of porosity in the dielectric layer.

3.2. Functionality of the sensor during static pressure
measurement

Static pressure measurements were conducted to determine the
key features of the developed sensor, which are crucial for eval-
uating the performance of a sensor. The measurement process
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The development of the porous dielectric layer. (a) Schematic representation of the fabrication approach. (b–d) The optical image, top-
view, and cross-sectional SEM images of the fabricated porous PDMS layer.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:4

7:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
involved placing the sensor on a rigid and insulating surface, the
effective area of which was xed using a glass slide. External
pressure was applied using dead weights, and the uctuations in
sensor capacitance were recorded using an impedance analyzer.
The sensor demonstrated remarkable sensitivity, detecting
pressures as low as 1 Pa and exhibiting a relative capacitance
shi of approximately 0.02%, as represented in Fig. 2(a). When
the external pressure was gradually increased up to 111 kPa, it
resulted in signicant changes in sensor capacitance, with
a relative difference of 90% at 111 kPa, as illustrated in Fig. S1.†
To further analyze the variations in capacitance at different
external pressures for better understanding, the applied pressure
was divided into six pressure regions, as depicted in Fig. S1.† To
evaluate the most vital parameter, i.e., sensitivity, a graph
correlating the relative capacitance shi with applied pressure
was plotted, as demonstrated in Fig. 2(b).

Similarly, to assess the dependence of sensitivity on applied
pressure, the applied pressure was categorized into various
ranges. As per Fig. 2(b), the sensor exhibited the maximum
sensitivity in the pressure range of 100–500 Pa, with a value of
0.021 Pa−1. The sensor showed a linear response in various
© 2023 The Author(s). Published by the Royal Society of Chemistry
pressure ranges, and the corresponding sensitivity values are
also provided in Fig. S2.†

To check the operational or functional stability, the sensor
was subjected to a 50 minute test at four different external
pressures: 100 Pa, 500 Pa, 5 kPa, and 30 kPa. The sensor
exhibited excellent operational stability with no output signal
loss, as represented by Fig. 2(c). Furthermore, the response and
recovery times of the sensor were determined to assess its
potential use in biological applications. When pressure was
applied, the sensor reacted quickly and returned to its initial
state as the pressure was released. The designed sensing device
showed an extremely low response and recovery time of 100 ms
(as shown in Fig. 2(d)). This characteristic is suggestive of its
viability in various biological applications. Overall, the devel-
oped sensing device showcases outstanding performance with
improved vital parameters, highlighting its suitability for BP
monitoring.

3.3. Application: monitoring of human BP

As seen in Fig. 3(a), several devices were used tomonitor human
BP, including an NIBP analyzer, an OMRON BP device,
RSC Adv., 2023, 13, 35397–35407 | 35399
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Fig. 2 The key factors related to the designed sensor. (a) An ultra-low detection limit of 1 Pa. (b) Capacitance variations with applied pressure. (c)
The functioning stability of the developed sensor. (d) The reaction and recovery times of the sensor when it is loaded and unloaded.
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a mercury-based sphygmomanometer with a stethoscope, and
an impedance analyzer. Firstly, to establish the systolic and
diastolic characteristic ratios required for evaluating the
systolic pressure (SP) and diastolic pressure (DP) values from
the oscillometric waveform envelope (OMWE), a comprehensive
study was conducted using an NIBP simulator. Later, all other
measurements were conducted on human volunteers as part of
a clinical trial. In this study, the sensor was initially employed to
measure blood pressure in the NIBP analyzer, which operates
like an articial heart and provides a stable pulse to the sensor
based on predened systolic pressure (SP) and diastolic pres-
sure (DP) values. During this measurement, the sensor was
positioned between a mandrel (representing an articial hand)
and a cuff connected to the NIBP analyzer, as shown in Fig. 3(b),
which provides a visual representation of the experimental
setup. An existing BP device was employed to apply pressure to
the cuff and compare the result of the sensor to assess its
accuracy. Aer extracting the OMW from the output signal and
forming the OMWE, the MAA approach was used to calculate
the SP and DP values using various characteristic ratios to the
mean arterial pressure (MP) value: the range was 0.45 to 0.65 for
SP and 0.60 to 0.80 for DP. The schematic representation of the
MAA approach employed to calculate the BP value is explained
in Fig. 3(d). The mean or average and standard deviation (SD)
error were calculated for different systolic and diastolic ratios,
as illustrated in Fig. 4. The analysis revealed that the average
and SD error were minimal at a systolic ratio of 0.61 and a dia-
stolic ratio of 0.62, as shown in Fig. 4(a) and (b). With the
optimized systolic and diastolic characteristic ratios, the sensor
35400 | RSC Adv., 2023, 13, 35397–35407
was further utilized in a clinical trial to validate its performance.
The individuals involved in the clinical trial were from diverse
age, weight, and height groups to ensure its applicability across
different populations. The sensor accuracy was evaluated by
comparing its results with the values obtained from an OMRON
BP device and a mercury-based sphygmomanometer.

In the clinical trial, the developed sensing device was affixed
to the mandrel; simultaneously, a cuff airbag, which was
interconnected with another cuff encircling the upper arm of
the participants, was placed over it. The reference devices,
namely the OMRON BP device and the mercury-based sphyg-
momanometer, were connected at the common junction of the
two cuff airbags. The pressure was applied within the cuff air-
bags using the BP device, while the pulse pressure emanated
from the hands of the participants. The output of the developed
sensor was measured by utilizing an LCR meter. The diagram-
matic representation of this arrangement is depicted in
Fig. 3(a), and an actual photograph is presented in Fig. 3(c). A
total of 160 volunteers participated; the initial 130 subjects
employed the OMRON BP device as the reference device, and for
the remaining 30 individuals, the sphygmomanometer was
used as the reference device. First, the 130 measurements per-
formed with the BP device serving as the reference are
discussed.

Out of 130 participants, 84 were male and 46 were female
(over one-third); most were staff members of our laboratory
(CSIR-National Physical Laboratory), and informed consent was
obtained from all the volunteers in this study. Comprehensive
information on participant age, height, and weight,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The schematic illustration of the experimental set-up for BP monitoring. (b and c) Photographs of the experimental set-up using NIBP
and the human body providing a pulse to the sensor. (d) The pictorial representation of the MAA approach used to determine BP values.

Fig. 4 The mean and SD error variation at different (a) systolic and (b) diastolic characteristic ratios.
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encompassing both the range of values and the corresponding
mean values along with their standard deviations, is given in
Table 1. Among them, four participants were on medication for
hypertension and diabetes. We implemented several preventive
measures to ensure accurate BP measurement during the
procedure: (i) the subject's posture and hand position relative to
© 2023 The Author(s). Published by the Royal Society of Chemistry
their heart adjusted following the established protocol; (ii) all
volunteers were instructed to refrain from speaking and
engaging in any physiological movements.55 For all partici-
pants, the developed sensor traced the oscillometric waveform
very well, and using the aforementioned approach (MAA), the
SP, DP and MP values were calculated. The BP values were
RSC Adv., 2023, 13, 35397–35407 | 35401
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Table 1 Participant age, height and weight with their ranges andmean
± SD values

Parameters Range
Mean value
with SD

Age (years) 20–63 32 � 10
Height (cm) 149–185 168 � 8
Weight (kg) 44–96 71 � 11
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computed for the entire cohort of 130 participants, of which the
values of 114 volunteers were within the low, normal, and high
normal ranges. The values of the remaining 16 participants
indicated varying conditions, including hypotension and grade
I hypertension. Among these 16 individuals, 2 were diagnosed
with isolated systolic hypotension, 10 exhibited grade I hyper-
tension and 3 were diagnosed with isolated grade II and III
diastolic hypertension. The categories of BP based on the
systolic and diastolic values are given in Table ST1.†
Fig. 5 The correlation plots of (a) SP, (b) DP, and (c) MP forN= 130. (d–f)
respectively, indicate that 95% of the measurements were within the lim

35402 | RSC Adv., 2023, 13, 35397–35407
The correlation and Bland–Altman (B&A) plots were used to
compare the values obtained from the sensor with the reference
values acquired from the BP device. It is important to note that
the BP device solely provides systolic (SP) and diastolic (DP)
values without offering mean arterial pressure (MP). Conse-
quently, a facile formula was used to estimate the MP value for
the BP device, i.e., MAP = 1/3 (SP) + 2/3 (DP). The correlation
plot illustrates the relationship between the measured and
reference values. These correlation plots are depicted in
Fig. 5(a)–(c). The Pearson correlation coefficients, denoted as R2,
for SP, DP, and MP were 0.97, 0.95, and 0.93, respectively. These
coefficients signify a strong linear relationship between the
sensor results and the reference values. Furthermore, the
sensor accurately estimated the SP value, while it slightly over-
estimated the DP and MP values, as demonstrated in
Fig. 5(a)–(c).

On the other hand, the Bland–Altman (B&A) plot is a graph-
ical representation that illustrates the variation between two
The Bland–Altman plots for mean error (m) and SD (s) in SP, DP, andMP,
it of agreement.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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simultaneously measured BP values and is plotted against the
average of both measurements. In this plot, the difference
between the BP values obtained from the two devices is taken on
the y-axis, while the x-axis represents the average of the
measurements from both devices. This plot is utilized to assess
and quantify the level of agreement between the measured BP
values. The mean (m) and standard deviation (s) of the differ-
ence between the two measurements are computed to establish
a statistical limit. According to the B&A analysis, it is recom-
mended that 95% of the measurements should fall within the
range of m ± 1.96(s).56 Fig. 5(d)–(f) present the error with stan-
dard deviation (SD) along with the limit of agreement for
systolic pressure (SP), diastolic pressure (DP), and mean pres-
sure (MP), respectively. These plots provide valuable insights
into the agreement between the measurements obtained from
the developed sensor and the reference device. In the case of SP,
the mean error (m) was −0.54 mmHg with an SD (s) of 4.56
mmHg, and the limit of agreement was −9.5 to 8.4 mmHg. As
seen in Fig. 5(d), 95% of the SP measurements were within the
range of agreement. The mean error (m) for DP was 1.77 mmHg,
and the SD (s) was 4.25 mmHg. The range of agreement for DP
was −6.56 to 10.1 mmHg, encompassing approximately 96% of
the DP measurements, as shown in Fig. 5(e). For MP, the values
of m and s were 1.98 and 3.07 mmHg, respectively. As shown in
Fig. 5(f), 96% of the MP measurements were in the range of
agreement, i.e., from 4.04 to 8 mmHg. Based on the correlation
and B&A plots, it can be concluded that there was a good level of
agreement between the results obtained from the developed
sensor and those from the reference device.
Fig. 6 The pass criterion of AAMI/ESH/ISO standard. (a) The errors in the
errors with standard deviation (SD) of the SP, DP, and MP values, as per t
pulse rate versus the OMRON BP device.

© 2023 The Author(s). Published by the Royal Society of Chemistry
To validate a non-invasive blood pressure (BP) measurement
device, a universal standard AAMI/ESH/ISO has been estab-
lished. According to this protocol, the clinical validation of a BP
measuring device requires a minimum of 85 participants. All
participants must be older than 12 years, and the male-to-female
ratio should be equal to or greater than 30%. Under the AAMI/
ESH/ISO protocol, there are two pass criteria for a device to
fulll: (i) at least 85% of the total measurements should have less
than 10 mmHg error, and (ii) the overall or average error for the
entire measurement cohort should be less than 5 mmHg for the
mean and less than 8mmHg for SD.54 These pass criteria serve as
benchmarks to determine the accuracy and reliability of a BP
measuring device under the AAMI/ESH/ISO protocol. For the rst
criterion, a scatter plot was plotted for SP, DP and MP with a 10
mmHg error limit, as depicted in Fig. 6(a). The results indicate
that 97% of SP and DPmeasurements were within the 10 mmHg
error range (denoted by a dashed-dotted line), while 100% of MP
measurements fullled this criterion, as represented in Fig. 6(a).
The average and SD error (m± s) were computed for the obtained
SP, DP andMP values for the second pass criterion. The values of
m± s for SP, DP, andMPwere−0.5± 4.6,−1.8± 4.2, and−1.9±
3.1, respectively, as demonstrated in Fig. 6(b). These results
demonstrate that the developed sensor accurately measures BP
from the human artery and fullls the requirements set by the
universal standard. Therefore, it can be concluded that the
developed sensor can replace the sensors in existing BP devices
and provide better BP measurements.

In addition to BP, pulse rate (PR) was calculated using the
same approach to nd the SP, DP and MP values. The obtained
computed SP, DP and MP values, as per the first criterion. (b) The mean
he second criterion. (c) The errors in the sensor reading of the human
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Fig. 7 (a) Scatter plot and (b) the mean and SD error plot between values obtained from the sensor and a mercury-based sphygmomanometer
according to the AAMI/ESH/ISO Universal standard.
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PR values from the sensor were compared with those from the
reference device (OMRON BP device), and the error between
them was determined. As seen in Fig. 6(c), nearly 98% of the
total PR values were within the error range of 5 bpm (beats per
minute), which signies that the developed sensor accurately
measures PR.

Aer clinical validation of the developed sensor using the
OMRON BP device, the sensor results were further compared
with the gold standard, a mercury-based sphygmomanometer (a
reference device). In this study, 30 volunteers participated (with
informed consent), including 24 males and 6 females. Their age,
height, and weight ranges were from 22 to 59 years, 152 to
181 cm, 50 to 97 kg, respectively. The photograph of the experi-
mental set-up is shown in Fig. 3(c). While using the reference
device, the BP was obtained by listening to the Korotkoff sound
using a stethoscope, and the BP values for the developed sensor
were calculated using the same procedure described previously.
Among the participants, one volunteer was found to have grade I
hypertension. Fig. S3(a) and (b)† illustrate the correlation plots
for SP and DP values. The corresponding Pearson correlation
coefficients for SP and DP were 0.91 and 0.90, indicating a strong
linear relationship between the sensor results and reference
values. In the B&A plot for SP, as shown in Fig. S3(c),† the average
error and SD were −1.83 and 5.8 mmHg, and nearly 97% of
measurements were in the agreement range. Similarly, for DP,
the values of m and s were −2.0 and 3.1 mmHg, and nearly 97%
of measurements were within the limit of agreement, as
demonstrated in Fig. S3(d).† To evaluate if the sensor results
fulll the two pass criteria of the universal standard, the scatter
plot and average SD error of the SP and DP values were plotted, as
presented in Fig. 7. As seen in Fig. 7(a), nearly 97% of SP and
100% of DP measurements were within the 10 mmHg error
range. The average and SD error for SP was −1.8 ± 5.8 and that
for DP was −2.0 ± 3.1, as shown in Fig. 7(b). In this study, the
number of participants or sample size was less than the recom-
mended protocol, which typically requires a sample size of 85.
However, despite the smaller sample size, the sensor accurately
measured BP and validated the universal standard dened by
AAMI/ESH/ISO. Further studies with a larger sample set would
provide evidence of sensor accuracy and reliability.

The developed sensor successfully met all the criteria spec-
ied by the universal standard when compared with an existing
35404 | RSC Adv., 2023, 13, 35397–35407
BP device and the gold-standard mercury-based sphygmoma-
nometer. Furthermore, the sensor demonstrated good agree-
ment with the OMRON BP device in measuring pulse rate. Thus,
the obtained BP values from the developed sensor can easily
evaluate whether a person has normal blood pressure, hyper-
tension, or hypotension, which is the primary objective of this
study. Additionally, the traced OMW features provide valuable
information about conditions related to the participant's heart
function, such as sinus arrhythmia, bradycardia, and tachy-
cardia. Hence, the developed sensor can monitor various
aspects of cardiovascular health. Moreover, the high exibility
and wearable nature of the developed sensor make it a prom-
ising candidate for integration into healthcare monitoring
devices, which would expand its applications beyond BP
monitoring.
4. Conclusion

In this study, we have improved the critical parameters of
a previously developed capacitive pressure sensor to enable its
use in BP monitoring. This was achieved by incorporating
baking powder in the previously developed PDMS-DIW dielec-
tric layer.29 The resulting device showed excellent performance
with an improved sensitivity of 0.021 Pa−1, an extremely low
detection limit of 1 Pa, a quick reaction and recovery with a time
of 100 ms, and high operational stability. To clinically validate
the developed sensor, a clinical trial involving 160 participants
across a wide range of ages, heights and weights was conducted.
The sensor traced the OMW for all participants with different
BP conditions. Systolic and diastolic values were computed
from the obtained OMW by employing specic characteristic
ratios calibrated against an NIBP simulator, which served as
a reference device. To assess sensor accuracy, we used correla-
tion, Bland–Altman, and scatter plots to compare the sensor
results with the values obtained from two reference devices: the
OMRON BP device and the gold-standard mercury-based
sphygmomanometer. Additionally, average or mean with stan-
dard deviation (SD) errors were also calculated for all
measurements. These analyses were performed in accordance
with the AAMI/ESH/ISO standard. The developed sensor
exhibited excellent performance in accurately measuring BP
and successfully met all the criteria specied by the universal
© 2023 The Author(s). Published by the Royal Society of Chemistry
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standard when compared to the existing BP device and the gold-
standard mercury-based sphygmomanometer. Furthermore,
the sensor accurately provided the pulse rate (PR) and agreed
well with the OMRON BP device. Thus, the obtained BP values
from the developed sensor can effectively determine whether an
individual has normal BP, hypertension, or hypotension, which
is the primary objective of this study. Moreover, the high exi-
bility, wearable nature and excellent performance of the devel-
oped sensor make it a promising candidate for integration into
healthcare monitoring devices toward extending its applica-
tions beyond BP monitoring.
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