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ABSTRACT: In the present global context, continuous blood pressure (BP)
monitoring is paramount in addressing the global mortality rates attributed to
hypertension. Achieving precise insights into the human cardiovascular system
necessitates accurate measurement of BP, and the accuracy depends on the faithful
recording of oscillations or pulsations. This task ultimately depends on the caliber
of the pressure sensor embedded in the BP device. In this context, we have
fabricated a flexible resistive pressure sensor based on reduced graphene oxide
(rGO) and a polydimethylsiloxane (PDMS) sponge that is highly flexible and
sensitive. The designed device operates effectively with a minimal bias voltage of
500 mV, at which point it showed its maximum relative change in current, reaching
approximately 25%. Additionally, the sensing device showed a notable change in
resistance values, exhibiting almost 100% change in resistance when subjected to a
pressure of 400 mmHg and high sensitivity of 0.27 mmHg−1. After promising
outcomes were obtained during static pressure measurement, the sensor was used
for BP monitoring in humans. The sensor accurately traced the oscillometric waveform (OMW) for distinct systolic blood pressure
(SBP) and diastolic blood pressure (DBP) combinations to cover a range of medical situations, including hypotension, standard or
normal, and hypertension. The values of SBP, DBP, and MAP were derived from the sensor’s output using the MAA technique, and
the errors in these values concerning the simulator and the traditional BP monitor follow the universal AAMI/ESH/ISO protocols.
Bland-Altman (B&A) correlation and scatter plots were used to compare the sensor’s results and further validate the proposed
sensor. The sensor showed the mean and standard deviation error in the SBP, DBP, and MBP of −0.2 ± 5.9, −0.5 ± 7, and −0.9 ±
4.7 mmHg when compared with the noninvasive blood pressure (NIBP) simulator. The pulse rate (PR) was also calculated from the
same OMW for the specified value of 80 beats per minute (bpm) given by the simulator and reported a mean PR value of ∼81 bpm,
close to the reference value. The findings show that the flexible resistive sensing device can accurately measure BP and replace the
existing sensors of BP devices.

1. INTRODUCTION
BP is a dynamic physiological measure important in
quantitatively identifying cardiovascular illnesses.1,2 Cardiovas-
cular illnesses are the most prevalent cause of death globally,
contributing to around 18% of all fatalities.3 Early diagnosis
and continuous BP monitoring could stop many of these
deaths. The primary reason for potentially fatal cardiovascular
disorders such as cardiac arrest, coronary artery disease, and
stroke is high BP, often known as hypertension4 (also known
as the “silent killer”). Over one-third of the population in India
and around 1.13 billion people globally suffer from hyper-
tension. Additionally, over 17 million fatalities per year
worldwide occur due to hypertension.5,6 The World Health
Organization (WHO) has noted that hypertension prevention
and control are vital to reducing death globally,3 making it
extremely important to monitor BP frequently for hyper-
tension prognosis. Yet it is still challenging and highly desirable
to monitor BP accurately by an arterial pulse to diagnose
hypertension complications.

The pressure exerted on blood vessel walls by blood flow is
called BP, and it can be measured using two techniques:7−10

(1) Invasive and (2) Non-Invasive techniques. Out of these
techniques, the noninvasive technique has gained widespread
popularity due to its user-friendliness, eliminating the need for
medical expertise and allowing individuals to utilize it
conveniently at home. The noninvasive technique relies on
oscillometry, tonometry, auscultatory, and photoplethysmog-
raphy methods.11−13 Since the last century, the auscultative
process, which involves listening to the Korotkoff sound
through a stethoscope, was formerly employed to assess BP.14

However, in today’s world, the oscillometry method is widely
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adopted because of its advantages, such as being simple to use,
not requiring an expert, and providing BP readings automati-
cally.7,15

In the oscillometric method, the SBP and DBP are
calculated from the recorded oscillometric waveform envelope
(OMWE), and this can be achieved through the utilization of
various algorithms, including the maximum amplitude
algorithm (MAA), linearizing the OMWE, zero crossing, and
neural networks.16,17 The most popular algorithm among them
is MAA. In this, the SBP and DBP were determined using a
predefined unique ratio of the maximum amplitude of the
waveform (referred to as mean arterial pressure, or MAP).18,19

In the present study, we also used the MAA to calculate the
SBP and DBP values, and a range of specific ratios for systolic
(from 0.45 to 0.60) and diastolic (from 0.65 to 0.80) was taken
as provided in the literature.20,21

Numerous automated BP monitoring devices on the market
use the oscillometry approach, but one of the most significant
challenges they face is the accuracy of the measured BP values.
The primary causes of the error in these automated devices are
the oscillations recorded in OMWE and the algorithm used to
calculate the BP. The algorithm employed in BP monitors is
protected as a trade secret and never made accessible to the
public. Thus, to get a precise BP measurement, oscillations or
pulsations must be recorded accurately, which entirely depends
on the quality of the pressure sensor used in BP devices.
Hence, a highly sensitive pressure sensor with excellent
performance is required in the BP measurement.

Flexible and wearable pressure sensors are crucial in
numerous applications, including artificial intelligence,22−24

monitoring human health,25−28 medical diagnosis,29−32 and
man-machine interface.33−35 They are easily attached to the
human body due to high flexibility and collect data from the
human body correctly and efficiently to provide complete
information about the cardiovascular system, including BP, PR,
and information on physiological movements.36 Every pressure
sensor works with a different sensing method and typically
functions as a transducer to transform applied pressure into an
electrical signal. They are classified into four types based on
the sensing mechanism: capacitive,37−41 piezo-resistive,42−47

piezo-electric,48−50 and triboelectric51−53 pressure sensors.
Due to their straightforward design, high sensitivity, rapid
response, high precision, and long -life, piezoresistive sensors
have attracted the most interest among them.24,54−56 These
sensors record the variations in resistance value resulting from
applying external pressure. Due to high sensitivity and quick
response characteristics, they are more suited for biological
applications in medical detection equipment. Many researchers
reported the piezoresistive sensing devices, mainly conducting
materials or nanowires,57−60 and explored their applications in
wearable devices,54,61−63 robotic skin,64,65 and electronic
skin.66−68

To meet the demand for a highly sensitive pressure sensor
with a quick response in BP measurement devices, we have
developed a piezoresistive sensor by using a PDMS sponge as
an elastic material and rGO as a conductive material. The

Figure 1. Schematic illustration of the fabrication process of the PDMS-rGO pressure sensor.
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PDMS sponge or foam was used due to its many advantages, as
reported by the researchers.69,70 The proposed sensor performs
well while measuring static pressure and requires a very low
operating voltage. After great results were achieved, the sensor
was utilized for BP measurement. The sensor was tested for 52
predefined oscillometric waveforms using the (NIBP)
simulator. The SBP, DBP, and MAP values were calculated
using a Python program based on the MAA. The sensor’s
accuracy was investigated by comparing the computed BP
values obtained with the NIBP analyzer and the BP device.
The designed sensor exhibited a minor deviation in the SBP,
DBP, and MAP values, which are under international protocols
set out by the American Association for the Advancement of
Medical Instrumentation, the European Society of Hyper-
tension, and the International Organization for Standardization
(AAMI/ESH/ISO) standards,71 which are necessary for BP
measurement appliances. Additionally, by utilizing the same
algorithm, the PR was extracted from the OMWE because
monitoring PR is significant in the domains of healthcare and
biomedical engineering and is necessary for determining a
person’s physiological status.

2. EXPERIMENTAL METHODS
2.1. Preparation of the Sponge PDMS Layer. As a

template for forming the sponge PDMS layer, sugar cubes of
side length 20 mm purchased locally were used. As illustrated
in Figure 1, PDMS prepolymer and its curing agent (Dow
Corning, Sylgard 184) were mixed in a weight ratio of 10:1 in a
beaker with the help of a magnetic stirrer. The mixed solution
is treated in the vacuum-desiccated oven to eliminate any
unintentionally trapped air bubbles. After that, sugar cubes
were dipped in the solution for 30 min at room temperature.
Through capillary action, the PDMS solution penetrated the
space of the sugar cube template. The loaded sugar cubes with
PDMS were taken out and heated on a hot plate for 1 h in a

Petri dish at 90 °C to cure them. The cured PDMS-filled sugar
cubes were dipped into deionized water (DIW) and heated to
90 °C for 30 min. Before this, a tiny layer from one face of the
cubes was trimmed to prevent a hindrance during the sugar’s
breakdown. The process was repeated three times to dissolve
the sugar template completely in the DIW and obtain pure
PDMS foam. After complete dissolution, the PDMS sponge
was heated at 120 °C for 30 min to evaporate the residual
water and a thoroughly dried PDMS sponge was obtained.

2.2. Formation of Reduced Graphene Oxide (rGO). A
modified version of Hummer’s approach was adopted to create
graphene oxide chemically.72,73 Natural graphite with a mesh
size of 500 nm was used in this procedure as a basic reaction
precursor. As shown in Figure 1, 3 g of graphite was dissolved
in 1.022 g of NaNO3 and 100 mL of H2SO4 solution, and the
mixture was vigorously shaken for 40 min at 25 °C. KMnO4
was then gradually added to the solution and stirred once more
for 40 min at 25 °C, resulting in a slow, controlled oxidation
reaction. The mixture was then diluted with 250 mL of DIW
before 40 mL of H2O2 was added. As a result of the rapid rate
of oxidation reaction and significant surface defect observed in
the acidic aqueous medium, an additional 500 mL of DIW was
added to the solution to dilute it further. Additionally, after
adding H2O2, the oxidation was quenched, and the subsequent
process was stopped. The solution was washed and filtered 6−
7 times using DIW to remove unreacted ions and
contaminants. Then, to remove all of the moisture, GO flakes
are dried at ambient temperature and finally stored in a
vacuum desiccator to avoid humidity. Raman studies and XRD
results verified that GO was formed. GO was reduced by
heating in a tube furnace at 600 °C for 12 h in the presence of
N2 gas. The formation of rGO was also confirmed by XRD and
Raman Analysis.

2.3. Formation of the Sponge PDMS-rGO Layer. The
fabricated rGO was dispersed in 100 mL of N,N-

Figure 2. (a, b) XRD and Raman analysis to confirm the formation of GO and rGO. (c, d) Top and side view SEM images of the developed sponge
PDMS-rGO layer.
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dimethylformamide (DMF) with the help of a homogenizer.
The solution was sonicated for 2 h for a homogeneous mixture
of rGO and DMF. The developed PDMS sponges were dipped
into the solution and incubated in a vacuum oven for 1 h. After
1 h, the dipped PDMS sponge was taken out and heated at 100
°C for 1 h to evaporate the DMF present in it. The dipping
process followed by heating was repeated six times to produce
a uniform distribution of the rGO with the PDMS network.

2.4. Fabrication of the PDMS-rGO Foam Sensor. The
indium tin oxide (ITO)-coated poly(ethylene terephthalate)
(PET) substrate performed the role of the electrode. As
demonstrated in Figure 1, the produced PDMS-rGO sponge
layer was inserted between the ITO/PET substrates, with the
adhesive layer between them being provided by silver paint.
Before incorporation, a thin layer of silver paint was applied to
the ITO/PET surface and heated to 100 °C for robust
adherence. The electrical connections were made using copper
for further measurement of the developed sensor.

2.5. Pressure Sensor Characterization and Measure-
ments. XRD and Raman’s studies were used to confirm the
synthesis of GO and rGO. Scanning electron microscopy
(SEM) was used to determine the microstructuring or
existence of porosity inside the PDMS-rGO layer. The sensor’s
performance for static pressure and the BP measurement was
tested using a source meter (Keithley 2400), mandrel (an
artificial human hand), and NIBP simulator. The fabricated
sensor was fastened to the mandrel, and a cuff was wrapped
over it. The NIBP simulator was used to apply pressure to the
cuff. It also provided various BP values for assessment.

3. RESULTS AND DISCUSSION
3.1. Fabrication Process and Structural Analysis. The

proposed sensor was fabricated by using a sponge PDMS layer
and rGO as a conductive material. The sponge PDMS layer
was developed using a sugar cube as a template, and rGO was
made from graphite, as illustrated in Figure 1.
According to Figure 2a,b, the XRD and Raman studies

supported the production of GO and rGO. In XRD analysis,
the sharp peak for GO was observed at 2θ of 9.52°, indicating
complete oxidation of the graphite into GO. However, in rGO,
the sharp peak shifted to 26.46°, proving that the oxygen-
containing functional groups were largely reduced during the
reduction process, as shown in Figure 2a. The D and G
vibration bands for GO were found at 1348.52 and 1594.81
cm−1 in the Raman analysis, which further confirmed how well
graphite was converted into GO. The D and G vibration bands
for rGO were observed at 1353.78 and 1586.67 cm−1, as shown
in Figure 2b, which claims that the GO was well reduced, and
the oxygen functional groups were eliminated. The SEM
images illustrate the presence of the large pores inside the
PDMS-rGO layer and show that the rGO was well distributed
and connected with the PDMS network of the sponge layer, as
shown in Figure 2c,d.

3.2. Sensor’s Performance under Static Pressure
Measurement. The fabricated sensor was attached to the
mandrel for the static pressure measurement, and a cuff was
wrapped over it. The cuff was attached to the NIBP simulator,
which is used to apply the static pressure of different values.
The sensor’s response was evaluated using a Keithley 2400
current−voltage source meter. First, it was determined how the
sensor’s current (I) versus voltage (V) characteristics varied
with the applied static pressure. It was found that the slope of

Figure 3. Performance of the developed pressure sensor under static pressure measurement. (a) I−V characteristics at various applied pressures
from 50 to 400 mmHg. (b) Relative change in current at a bias voltage of 500 mV. (c) Output response curve of the fabricated sensor regarding the
relative change in resistance with applied pressure ranges from 50 to 400 mmHg. (d) Sensor’s working stability test under the external pressure of
100 to 400 mmHg with a gap of 50 mmHg.
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the I−V curve increased with the applied pressure, ranging
from 50 to 400 mmHg, as shown in Figure 3a. The increased
applied pressure significantly decreased the sensor’s resistance.
Figure S1 shows a detailed study of the current variation with
voltage at different applied pressure values. This indicates that
the sensor’s resistance decreased when the applied pressure
increased.
Power consumption is a crucial factor in the performance of

any resistive sensing device. As a result, we also determined the
lowest bias voltage needed for the designed sensor to be
operational. At a constantly applied pressure of 200 mmHg,
the relative fluctuations in the current (ΔI/I0) were recorded
with varied voltage from 50 mV to 10 V. At start, the change in
the current value increased as the applied voltage increased
from 50 mV to 500 mV, as shown in Figure S2(a and b), but
then decreased from 500 mV to 10 V. As shown in Figure 3b,
the most dramatic change in current was observed for an
applied voltage of 500 mV, indicating that the developed
sensor requires a very low bias voltage of 500 mV. All the
experiments were carried out at a bias voltage of 500 mV, as
discussed in the following paragraph.

After that, the relative difference in the resistance value
(ΔR/R0) was measured by applying the pressure from 50 to
400 mmHg with a gap of 20 mmHg. The change in the
resistance was approximately 75% for the applied pressure of
50 mmHg was increased with the increase in external pressure.
At the maximum external pressure of 400 mmHg, the sensor
showed a 100% variation in its resistance value, as
demonstrated in Figure S3. The variation in the resistance
value (ΔR/R0) of the proposed sensing device with the full
range of external pressure is shown in Figure 3c. The sensor
showed a linear behavior in different applied ranges, and by
using the response curve, the sensitivity of the developed
sensor (S = δ(ΔR/R0)/δP) was calculated in different pressure
regions, as represented in Figure S4. The sensing device
exhibited a high sensitivity (%) of 0.27 mmHg−1 for the
applied pressure region of 50 to 100 mmHg, as given in Figure
S4a. The operational stability, one of the important factors in
checking the performance of the sensing device, was
investigated during static pressure measurements. Seven
different applied pressure values were used to test the
functioning stability, and the sensor showed a constant change

Figure 4. BP measurement using the developed sensor. (a) Schematic diagram of the experimental setup for the measurement. (b) Output signal of
the sensor during the BP measurement. (c) Extracted oscillometric waveform with envelope.
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in the resistance value for roughly 70 min at each pressure
value, as illustrated in Figure 3d. Thus, the fabricated sensor
has high sensitivity, good operational stability, and an extensive
operating pressure range and only requires a low bias voltage,
making it suitable for monitoring human BP.

3.3. Sensor’s Application in Monitoring Human Blood
Pressure (BP). 3.3.1. Data Collection and Processing. As
described in the schematic diagram of the experimental setup
(as shown in Figure 4a) for the BP and PR measurement, the
developed sensor was attached to the mandrel. A cuff was
wrapped over it, as we have done the same for static pressure
measurement: the NIBP simulator and a commercial BP
measurement device (OMRON HEM-7130) connected to the
cuff. The sensor’s response in terms of resistance was recorded
using an I−V source meter. The BP device was utilized to
apply pressure to the cuff during measurement and for
comparison with computed BP values from the proposed
sensor. The NIBP simulator was used to configure the BP
values with various SBP and DBP given to the sensor. The 52
distinct BP values/conditions were generated using the NIBP
simulator to represent the different health conditions like
hypotensive, normal, and hypertensive BP states (Table S1).
For these 52 distinct combinations, the SBP values were set
between 90 and 220 mmHg and the DBP values were between
50 and 180 mmHg. The simulator automatically provides the
MAP value; however, the BP device does not provide the MAP

value. A facile formula MAP = 1/3 (SBP) + 2/3 (DBP) was
used to calculate MAP for the BP device. The PR value was
fixed for each BP measurement at 80 bpm.
During the measurement, the BP monitor applies pressure to

the cuff and increases the pressure in the pneumatic system to
a maximum value greater than the set SBP value (as
determined by the simulator). After reaching its maximum
pressure, the cuff reduced the pressure at a 3−4 mmHg/s rate.
While doing so, the simulator detects the pneumatic pressure
inside the cuff and produces pulses following the preset SBP
and DBP values. The sensor’s output response during the
inflation and deflation was recorded, as illustrated in Figure 4b,
and processed to determine the SBP, DBP, MAP, and PR
values.
We must process the data collected from the sensor’s output

signal to compute the BP values. A Python-based program
(give the details/name) using the MAA approach was built for
data processing. This approach began by uploading the
sensor’s output signal into the software and then collecting
its deflation curve. The collected deflation curve (as illustrated
in Figure 4b) comprised two parts: the first was the pressure in
the cuff that the BP device gradually applied, and the second,
the pressure pulsation, commonly referred to as oscillometric
pulses, that were produced by the NIBP simulator. The
oscillometric pulses associated with the deflating curve were
extracted by fitting the second-order polynomial, which

Figure 5. Comparison of the sensor’s SBP, DBP, and MAP values with the reference values (simulator). (a−c) Correlation plots with the N
(number of samples) and Pearson coefficient (R2). (d−f) B&A plots, in which the dash-dotted line denotes the mean differences μ and 95% criteria
of agreement (μ ± 1.96σ).
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provided the best-fit curve. All of the extracted oscillometric
pulses form a waveform called the OMW. The Savitzky−Golay
filter was used to smooth the data after obtaining the OMW,
and a zero baseline was generated by picking the lowest peaks
to figure out the real height of every pulse. The cubic spline
interpolation was used to generate the upper envelope and
afterward smoothed by the adjacent-averaging technique.74

3.3.2. Computation of BP and PR Values. The SBP and
DBP values can be computed from OMWE using various
characteristic ratios. The systolic coefficient can range from
0.45 to 0.73 in multiple devices, while the diastolic coefficient
can range from 0.69 to 0.83.7,75 In the present investigation, 52
different human BP conditions were performed, and their
corresponding OMWEs were collected by utilizing the
developed pressure sensor. A range of characteristic ratios for
SBP and DBP, i.e., for SBP from 0.45 to 0.65 and DBP from
0.60 to 0.80, were taken to compute the BP values from the
obtained OMWEs. The range of characteristic ratios was
chosen to determine which ratio for SBP and DBP would
produce the BP results with the lowest errors. A thorough
analysis was conducted using the SBP and DBP characteristic
ratio ranges for all 52 situations. The ratio of every systolic and
diastolic characteristic with its error and the standard deviation
is shown in Figure S5. The error with standard deviation was
found to be the least for the systolic ratio of 0.56 and diastolic
ratio of 0.70. Thus, we proceed further with these ratios to
compare the computed BP values and the reference BP values
taken from the simulator and BP device. The MAP value was
obtained for the developed sensor from the maximum
amplitude of OMWE and the BP device and simulator, and
it was calculated from the formula, i.e., MAP = 1/3 (SBP) + 2/
3 (DBP). For example, for the 120/80 mmHg value given by
the simulator, the computed SBP and DBP values at various
ratios are shown in Table ST2. The SBP and DBP were 118
and 80 mmHg for the above-optimized ratios, respectively.

The BP device’s SBP and DBP values were 126 and 80 mmHg.
The MAP values for the simulator, BP device, and developed
sensor were 93.33, 95.33, and 91.67, respectively. The
deviation in the measurement of BP was identified by
deducting the actual (or reference) BP from the computed
values. Thus, for the set value of 120/80 mmHg, the SBP,
DBP, and MAP inaccuracy was −1.97, 0.62, and −1.66 mmHg
compared to the simulator. Here, the SBP and MAP were
marginally underestimated, respectively (negative error), while
the DBP was somewhat overestimated (positive error). In this
way, the BP values were calculated for the remaining 52 BP
situations and the corresponding errors were also determined
in relation to the simulator value (the reference value).
This study also measured the pulse rate for the same 52 BP

configurations. The PR was calculated by estimating the pulses
(n) that occurred between the first and last troughs of the
OMW. The given PR value remained unchanged during the
entire BP measurement, which was 80 bpm. The PR values
from the sensor’s output were acquired from the OMW using
the same software as we did for BP evaluations, and the
associated errors were also determined concerning the
simulator and BP device value. The obtained mean value of
PR was 81.11 bpm.

3.3.3. Analysis of Error in BP and PR. As demonstrated in
Figure 5a−c, a correlation plot was used to compare the
calculated SBP, DBP, and MAP values with the corresponding
reference BP of the simulator. For all parameters (i.e., SBP,
DBP, and MAP), Pearson’s correlation coefficient (R) was
more than or equal to 0.97, indicating a significant relationship
between the computed and actual BP. The developed sensing
device exceeds SBP and DBP in the low BP region to some
extent but is underestimated in the high BP range, as shown in
Figure 5a,b. Like MAP, the sensor overestimated low BP
ranges and somewhat underestimated high BP ranges, as
shown in Figure 5c.

Figure 6. To validate the sensor’s results as per the AAMI/ESH/ISO universal standards. (a) B&A plot for BP values in relation to the simulator,
the dashed-dotted line illustrates the error limit of 10 mmHg. (b) Mean and standard deviation of the error between the results from the sensor and
the simulator, the dashed line shows the maximum allowable mean error of 5 mmHg by protocols. (c) Error in the sensor’s reading of the human
pulse concerning the NIBP analyzer and the OMRON BP device.
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The error was then further evaluated using B&A analysis.76

The primary purpose of this method is to illustrate the
conformity between two quantitative measures by presenting
the variation between derived and actual values versus the
mean of both values. Figure 5d−f displays the B&A scatter plot
for SBP, DBP, and MAP, along with mean bias and the 95%
limit of agreement. The range that 95% of the total divergence
points are predicted to fall inside is known as the limit of
agreement. The tiny inaccuracy in the graph suggests that the
two methods agree pretty well. When the data for each BP
measurement were independently examined, the mean differ-
ences (μ) for SBP, DBP, and MAP were 0.16, 2.24, and 0.86
mmHg, respectively, with standard deviations (σ) of 5.9, 5.4,
and 4.7 mmHg (shown in Figure 5d−f). Therefore, the
variations in BP readings fall inside the confidence interval.
In the last few decades, several organizations, such as AAMI,

ESH working on BP monitoring, and the ISO, have developed
protocols for clinical validation of BP measuring devices.
However, it is acknowledged that patients, consumers, and
manufacturers would be best served if all BP measurement
instruments were evaluated for accuracy by a single universally
accepted validation process. As a result, the AAMI, ESH, and
ISO experts took an international initiative to establish a global
standard for device validation that has now superseded all of
the earlier protocols and standards. As per the AAMI/ESH/
ISO protocol, the reliability of a BP instrument is expressed in
terms of (i) the threshold probability of acceptable inaccuracy
or error and (ii) the mean error (also known as average error)
along with its standard deviation. For noninvasive BP
measurement equipment, these protocols should be followed
for the device to be widely accepted and highly accurate.
Under this protocol, equipment must meet the following
conditions to pass the criteria: (i) the error must be lower than
10 mmHg in 85% or more of the measurement, and (ii) the
total measurement inaccuracy must be below 5 mmHg in mean
and 8 mmHg in standard deviation.71 The BP values within 5,
10, and 15 mmHg error and typical Bland-Altman (B&A)
scatter plots must be presented.
In this context, we presented the BP variation in SBP, DBP,

and MAP compared to the analyzer with a 10 mmHg error
limit. As shown in Figure 6a, 90.4% of SBP values, 96.2% of
DBP values, and 96.2% of MAP values are within the 10
mmHg range. The average and standard deviation error in BP
values were also computed for the second protocol condition.
As demonstrated in Figure 6b, the values for SBP, DBP, and
MBP were −0.2 ± 5.9, −0.5 ± 7, and −0.9 ± 4.7 mmHg,
respectively.
The PR values were also determined using the same software

as mentioned before from the output of the designed sensor.
The simulator provided a PR value of 80 bpm; the error in the
derived PR concerning the simulator and BP device (provided
by it) was also evaluated and is displayed in Figure 6c.
Compared to a simulator and a BP device (OMRON), the PR
values’ inaccuracy was within 5 bpm. The average PR value
from the sensor was 81.11, displaying a substantial connection
between the standard and evaluated data.
Meanwhile, the designed sensor and the BP device used

identical OMW produced by the analyzer to determine the BP.
Consequently, it is imperative to analyze the sensor’s accuracy
using BP equipment. Even though there are numerous BP
monitors on the market, they are doubtful of fulfilling the
criteria of the AAMI/ESH/ISO standards. Regarding this, we
initially validated the BP device by utilizing the NIBP analyzer,

and then, the sensor outcomes were compared to it. In this
respect, the values from the BP device and the simulator were
compared.
First, the correlation plot was used to compare the SBP and

DBP values of the BP device (OMRON) with the standard BP
values of the simulator, as demonstrated in Figure S6a,b. This
was similar to what we did for the sensor and the simulator. As
can be seen from the figures, R has a value of 0.99, while the
BP device consistently overestimated the SBP for all reference
BP values. Still, it did a great job of estimating the DBP, which
means it accurately estimated the DBP. In the B&A plot, as
represented in Figure S6c,d, the mean differences (μ) for SBP
and DBP were 5.62 and 0.52 mmHg, respectively, with
standard deviations (σ) of 0.6 and 1.3 mmHg. Therefore, 95%
of the total variation points fall inside the confidence interval.
The average error and standard deviation for SBP and DBP
were also calculated to check the AAMI/ESH/ISO protocol
requirement. Figure S6e shows the average error and standard
deviation for the BP device with the simulator, and their values
for SBP, DBP, and MAP were 5.6 ± 0.6, −0.5 ± 1.3, and 1.5 ±
0.8 mmHg, respectively. As a result, the average or mean and
standard deviation errors for the commercial BP device relative
to the simulator precisely match the validation protocols and
allow for a comparison of the computed results with the BP
device.
Figure S7 compares the computed findings of the designed

sensor and the commercial BP device using correlations and
B&A plots. For SBP and MAP, the Pearson coefficient was
0.99, indicating a significant correlation with the BP device.
The 95% confidence interval also encompasses more than 95%
of the various SBP, DBP, and MAP data points. The scatter
plot and average and standard deviation error plot, in
accordance with the protocols, are presented in Figure S8.
From the scatter plot, we can determine that more than 95% of
the SBP, DBP, and MAP measurements are within the
permissible error range of 10 mmHg. On the other hand, the
average and standard deviation error for SBP, DBP, and MAP
in relation to the BP device was −3.7 ± 6.0, 0.02 ± 6.2, and
−2.4 ± 4.6 mmHg, respectively (Figure S8b). According to the
findings, the developed device is precise when tested on the
NIBP analyzer and the BP device.
The developed sensors met all of the standard protocols for

laboratory-level test measurement requirements and displayed
outstanding performance in the BP measurement. Overall, the
results show that our developed sensor accurately measures
human BP and can be used as a wearable device to track both
BP and other physiological activities.

4. CONCLUSIONS
In this research, we developed a highly sensitive and flexible
resistive pressure sensor by using a PDMS-rGO sponge layer.
We created the PDMS-rGO sponge layer using a sugar cube
technique, while the rGO was made by reducing self-produced
GO. After carefully calibrating its pressure-dependent proper-
ties, we applied the sensor to monitor human BP and PR. The
operating voltage of the developed sensor was determined by
applying different bias voltages, and it was found that the
sensor works well with a very low bias voltage of 500 mV. In
static pressure measurements, the sensor proved stable and
responsive, showing a significant change in resistance, close to
100%, when subjected to a pressure of 400 mmHg. This
responsiveness translated to a high sensitivity level of 0.27
mmHg−1. With these promising results from static pressure
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measurements, the sensor was used for human BP monitoring.
During the BP measurement phase, the sensor followed the
oscillometric waveform for all 52 predetermined conditions set
by an NIBP simulator. The SBP, DBP, and MAP values were
calculated from the traced OMW using a Python program
based on the MAA. The computed BP values obtained from
the sensor were compared with both the simulator and the
conventional BP device with the help of correlation, B&A, and
scatter plots. The outcome of this comparison indicated that
the values garnered from the sensor and those obtained from
the conventional BP device exhibited interchangeability. The
mean error and standard deviation for SBP, DBP, and MAP
were within the established global guidelines stipulated by the
standard AAMI/ESH/ISO protocols. Furthermore, PR was
calculated for a specified value of 80 beats per minute (bpm) as
provided by the simulator. Remarkably, the sensor reported an
average PR value of 81.11 bpm, closely aligning with the
reference value. As a result, the developed sensor accurately
assessed the BP and PR with a tolerable error across diverse
combinations of SBP and DBP values reflective of various
health conditions. Therefore, due to its remarkable perform-
ance in BP monitoring, this proposed sensor holds the
potential to replace existing pressure sensors utilized in
conventional BP devices, offering improved accuracy and
reliability. Importantly, this work introduces a unique
approach, as using such a flexible resistive sensor for BP
monitoring via the oscillometry method has not been
previously documented. Moreover, due to its high flexibility
owing to the sponge layer, the sensor’s scope extends to the
monitoring of various physiological activities. Its spatial
adaptability makes it suitable for applications like robotics
and electronic skin.
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