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ABSTRACT A flexible, patch-type strain sensor is described for continuous monitoring of pulse waves.
The proposed sensor exploits the piezo-resistivity of the conductive polymer, polyaniline (PANI), to detect
dynamic volume changes in blood vessels owing to pulse waves. The proposed PANI film was fabricated
through electrodeposition, which is considered as a suitable low-cost technique for mass production in the
sensor manufacturing industry. Thus, it is prospective for a disposable wearable sensing system solution in
remote healthcare applications. Besides, a flexible sensor packaging can be achieved by laminating the PANI
films and an ECOFLEX elastomer to the film bandage. The proposed PANI sensor has high sensitivity (gauge
factor of 74.28) and linearity (R2

= 0.99). It also showed a high correlation with commercially available
photoplethysmography (PPG) sensor with the small bias and confidence interval to the PPG sensor: bias <
0.1% and confidence interval < 3% for all subjects. Moreover, the proposed PANI sensor was tested for
prospective circulatory system-related applications such as measuring heart rate, stiffness index, and pulse
transit time. Finally, the proposed study suggests that the proposed PANI sensor is a promising candidate
for continuous, long-term, unobtrusive pulse wave monitoring, which can provide real-time insights into an
individual’s health status.

INDEX TERMS Conductive polymer, flexible sensor, healthcare device, health monitoring, piezoresistive
sensor, wearable sensor.

I. INTRODUCTION
The rapid advancement of healthcare electronics has gener-
ated particular interest in developing a pulse wavemonitoring
system that can provide multiple information relating to an
individual’s cardiovascular health. Pulse waves are periodic
arterial pressure signals due to blood circulation. It is closely
related to the physiological status, including age, gender, and
physical conditions [1]. In addition, it provides key informa-
tion related to the circulatory system, such as heart rate, blood
pressure, stiffness of the artery, and signs of cardiovascular
disease [2]–[4]. Therefore, continuous monitoring of pulse
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wave facilitates management and early detection of cardio-
vascular diseases [5]–[8].

A variety of pulse wave sensors have been developed to
continuously collect pulse wave data during a subject’s daily
life [9], [10]. While sensors based on optics (photoplethys-
mography (PPG)), ultrasound, and tonometry are commer-
cially available, there remain multiple challenges for robust
continuous monitoring. First, PPG monitors vascular pulsa-
tion by measuring the intensity of light transmitted through
or reflected from a tissue [5]. It is widely used for pulse
wave monitoring, but the accuracy of the sensor is affected
by the contact between the PPG probes and the tissue [11],
[12]. Therefore, commercial PPG sensors are deployed with
clamps or straps, which cause discomfort and irritation during
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continuous use. Moreover, the contact changes every time
the sensor is worn because it is affected by the tightness
of the strap or clamp. Ultrasound pulse wave sensors detect
fluctuations in the vessel by penetrating the skin. However,
they involve rigid and bulky imaging probes [13], which limit
their use as wearable devices that can be used in daily life
settings. Among the methods highlighted above, tonometry
is the most conventional method to monitor pulse waves.
However, the tonometric method requires supporting and
pressing structures to flatten a vessel during measurement,
using pressure or strain sensors [14], [15]. Such support-
ing structures, which create force and rigid components of
the devices, limit their usability for continuous monitoring.
Furthermore, tonometers need to be placed precisely at the
center of the artery; the accuracy of the sensor varies with the
position in millimeters [7]. These pulse wave sensors have
the drawbacks that it is challenging to maintain contact for
prolonged use and to wear without obstruction. Therefore,
there is a strong clinical need for thin and flexible structures
with improved contact for pulse wave sensors for continuous,
unobtrusive monitoring in daily life to increase the comfort of
the user [16].

Flexible electronics can revolutionize healthcare services
with truly comfortable and continuous bio-signal assessments
[17]–[20]. Over the past years, flexible and wearable pulse
wave sensors have been suggested with the development of
flexible electronic technologies. For example, sensors fab-
ricated by blending or laminating conductive particles on
flexible substrates were introduced [21], [22]. Although these
sensors are flexible and wearable, they are still bulky (2–
3 mm thick). Several studies have demonstrated the effective-
ness of conductive polymer films as sensing elements for thin
and highly sensitive strain sensors for pulse wave monitoring.
A graphene-woven fabric-based strain sensor used for pulse
wave monitoring under different conditions for people of
different ages was demonstrated [23]. While some tradeoff
was made between linearity and sensitivity to obtain optimal
pulse wave shapes, the flexible sensor showed a gauge factor
(GF) of approximately 20. Moreover, thin and flexible strain
sensors based on elastomeric/graphene platelet composite
films were demonstrated and can significantly increase the
GF of up to 150 in 26% strain [24]. The sensor detected pulse
waves formed with percussion wave and descending limb
wave. However, mass production and uniformity of these sen-
sors are practically limited by their complicated fabrication
process, involving high temperature and regulated gas flow.

In this study, we proposed a patch-type pulse wave sensor
using the conductive polymer, polyaniline (PANI), which
offers high flexibility, ease of fabrication, and long-term
operation under daily life conditions. The main fabrication
process of the proposed sensor is based on the electrodeposi-
tion, which is an established method for mass production that
is highly utilized in the circuit manufacturing industry [25].
The proposed sensor is suitable for daily life use because it
can be easily attached to the skin without supporting struc-
tures while offering high linearity and sensitivity for pulse

FIGURE 1. Fabrication process for the PANI sensor and its optical image.
(a) Masking sheet adhesion. (b) PANI deposition through electrochemical
synthesis. (c) Removing the masking sheet. (d) ECOFLEX coating on the
PANI layer. (e) Peeling off the ECOFLEX-PANI layer. (f) Connecting silver
fabric electrodes. (g) Laminating on bandage and insulating with
ECOFLEX. (h) Optical image of the PANI sensor, (i) Wearing, (j) Bending,
and (k) Stretching the PANI sensor.

wave monitoring. In previous researches, wearable pulse
wave sensors that can be mass-produced were also suggested
[26]–[28], but the performance of the proposed sensors or
characteristic behavior of the measured pulse wave was not
compared against the golden standard device such as com-
mercially available PPG sensor. In this study, we performed
comprehensive performance testing to demonstrate the sensor
capability for practical application. We analyzed the feature
of pulse wave signals to get clinical information. Important
parameters for diagnosing health status, such as heart rate,
stiffness index, and pulse transit time (PTT) can be extracted
and calculated from the feature analysis. The sensor’s peak-
to-peak time (PT) and heart rate were compared with those of
the commercial PPG sensor and the parameter from proposed
sensor showed high agreements with the PPG sensor.

The significance of the study can be summarized as fol-
lows: (1) a patch-type flexible and wearable pulse wave sen-
sor that can be used in daily life is developed, (2) the proposed
sensor can be fabricated by mass-producible method, and
(3) the comprehensive testing demonstrates excellent per-
formance of the proposed sensor when compared with the
commercially available PPG sensor.

II. METHODS
A. FABRICATION OF PANI SENSOR
The flexible sensor was fabricated on silicone through elec-
trochemical synthesis and layer lamination of the elastomer
(Ecoflex-0030, smooth-on) and bandage (3M tegadermTM),
as demonstrated in Figure 1a–g. A PANI layer was fabricated
using a three-electrode cell. The carbon electrode was used as
a counter electrode, whereas the Ag/AgCl electrode was used
as a reference electrode.

The working electrode consists of stainless steel plate cov-
ered with a masking sheet containing a square hole (Fig-
ure 1a). PANI was electrochemically synthesized by chrono
potentiometry (Figure 1b). The solvent used was 2N-sulfuric
acid (Duksan); 3-ml aniline monomer (Sigma-Aldrich) was
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added to 100 ml of electrolyte solution and stirred for 1 h.
PANIwas electrochemically deposited through chrono poten-
tiometry at a current density of 6.25 mA/cm2 for 10 min.
The PANI layer was dried in an oven with the masking sheet
removed (Figure 1c), and aggregated; hence, the thickness
of the sensor decreased after the drying process. The PANI
layer was spin-coated with ECOFLEX substrate, cured in
an oven at 60◦C for 30 min, and subsequently cooled to
room temperature (Figure 1d). The PANI layer-bonded sil-
icone elastomer was carefully peeled off from the working
electrode (Figure 1e) and immersed in the dopant acid with
different concentrations laminated on a film bandage; 3M
tegadermTM was used because of its advantages, including
the high adhesion of the film in moist conditions, high con-
formance to the body, and easy flex with the skin. Silver
fabric strips were attached in parallel to both edges of the
PANI layer with silver glue as an electrode. The layer and
electrodes were then covered and insulated with ECOFlex
elastomer (Figure 1f, g). The PANI layer has a thickness
of 60 µm, and the ECOFlex coating at both its sides was
360 µm. The silver fabric electrodes were attached to the
flexible polyethylene terephthalate (PET) film substrate and
connected to the measuring system through a flexible printed
circuit connector (Figure 1h) and sheet resistance of the sen-
sor is 200�/sq. The sensor can be attached directly to the skin
using the 3M bandage at the bottom of the sensor (Figure 1i).
The fabricated sensor was thin (thickness: 800 µm), light
(weight: 82 g), and flexible (Figure 1j). The elastic nature of
substrates makes the PANI sensor stretchable (Figure 1k) and
reduces the shear stress on the skin.

B. CHARACTERIZATION AND OPTIMIZATION OF PANI
SENSOR
The morphologies of the surface of the polymer layer were
characterized using a field emission scanning electron micro-
scope (FE-SEM, JSM-7800F Prime, JEOL Ltd.). Raman
spectra of the polymer layer with different doping concentra-
tions were obtained by inVia Raman microscope (Renishaw)
with a laser excitation wavelength of 633nm. We conducted
tensile, hysteresis, and fatigue tests using customized stretch-
ing machine. The electromechanical response was measured
using a potentiostat (Wizmac) under 1 V bias. For optimiza-
tion, the characteristics and electromechanical response of
PANI sensors with different PANI layers were compared.
The PANI layers were doped with different concentrations of
dopant solution (2M, 1M, 0.25M, and 0.125M sulfuric acid).
Five sensors were measured three times for each concentra-
tion.

C. PULSE WAVE MONITORING
Pulse wave monitoring of the pre- and post-exercise states
were conducted at the Pohang University of Science and
Technology in compliance with the human research protocol
(PIRB-2018-A001) approved by the POSTECH Institutional
Review Board. The subjects attached the PANI sensor to their
right wrist and placed the PPG sensor (BIOPAC) on the tip

of their right index finger. They rested for 5 min; after this,
their pulse wave is simultaneously measured for 2 min using
a sampling frequency of 1 kHz. The subjects then rested again
for 5 min, followed by an exercise (jumping jack) for 2 min.
After the exercise, the pulse wave of the subject is measured
for 2 min. All pulse wave signals were measured with both
arms supported and the subjects in a sitting posture.

III. RESULTS AND DISCUSSION
A. WORKING PRINCIPLE OF PANI SENSOR
The proposed PANI sensor is a strain sensor that measures
pulse waves by detecting skin deformations. Figure 2a shows
the pulse wave monitoring process of the sensor. Blood ves-
sels, including peripheral vessels, periodically contract and
expand owing to alternating blood volume flow in the circula-
tory system [29]. The volume change deforms a layer of skin
covering the vessel; thus, the deformation is transferred to the
strain on the PANI sensor attached to the skin. The change
in strain changes the dynamic resistance of the sensor. The
working mechanism of the sensor is illustrated in Figure 2b.
As the volume of vessels increases, the strain on the PANI
sensor increases as the heart moves to the systole phase.
The elongation of the sensor reduces the contact between
polymer chains of the PANI sensor because of the shape
change and micro-cracks, thereby increasing the resistance of
the sensor [26], [30]–[32]. Hence, the resistance of the PANI
sensor reflects a pulse wave (the resistance incFreases in the
systole phase and decreases in the diastole phase). The pulse
wave signals can be monitored by measuring the resistance of
the PANI sensor. A suggested wearable system for the sensor
is presented in Figure 2c.

B. CHARACTERIZATION OF PANI SENSOR
The morphology of the surface of the PANI layer on the
silicone elastomer after doping is shown in Figure 3a. Wrin-
kling patterns are observed on the PANI film. The wave-
length of wrinkling patterns can be changed depending on
the concentration of the doping solution, and the film can be
dewrinkled by immersing it in a basic solution [33]. Thewrin-
kling patterns and change in the wavelength of the patterns
are obtained on the surface of the PANI layers doped with
different concentrations of dopant solution (2M, 1M, 0.25M,
and 0.125M, see Figure S1).

The resonance Raman spectra of the PANI layer show
band appearing in the wave number range 1100–1600 cm−1

(Figure 3b). The peak observed at 1586 cm−1 is assigned to
the C = C stretching vibration in the quinonoid ring [34].
The peak at 1500 cm−1 can be assigned to C = N vibration
in quinoid rings owing to the depolarization of PANI [35].
The peak at 1339 cm−1 is related to the carrier vibration
in C–N + delocalized polaronic structures [34], [35]. The
band at 1260 cm−1 can be connected to benzene-ring defor-
mation vibrations [34]. The peak at 1166 cm−1 is related to
C–H vibrations of aromatic rings [34], [36]. The band from
1000 to 400 cm−1 provides information about in-plane and
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FIGURE 2. Pulse wave monitoring process and system design of wearable PANI sensor. (a) Schematics of the pulse wave monitoring
process of the PANI sensor. (b) schematic of the principle of electromechanical response of the PANI sensor. (c) schematic structure of
suggested wearable pulse wave monitoring system of the PANI sensor.

out-of-plane vibrations of amine deformation and ring of the
PANI structure [36]. Raman spectra and shift of the PANI
layers doped with different concentrations of dopant solution
are displayed in Figure S2.

C. ELECTROMECHANICAL RESPONSE AND
OPTIMIZATION OF PANI SENSOR
The sensitivity and linearity of the sensor is essential for pulse
wave sensors. A pulsewave sensorwith high sensitivity offers
accurate shape of the measured pulse wave as extracting the
details of characteristic points of the wave is related to the
accuracy of the clinical information estimated from the pulse
waves. Linearity assures electrical output change, which is
highly correlated with amplitude change of alternating blood
pressure and it provides accurate relative position of each
characteristic point and shape of pulse waves. Therefore, vital
information, such as reflection index, stiffness index, and
augmentation index, calculated by the ratio between ampli-
tudes of peaks of pulse wave can be extracted by high sensi-
tivity and linearity. In this work, we assessed the effect of the
concentration of dopant solution on the linearity and sensitiv-
ity of the pulse wave sensor. The sensitivity of the PANI sen-
sor was evaluated using the GF = (1R/R0)/ε, where R, R0,
and ε represent the resistance, rest value of the resistance, and
strain of the sensor, respectively. Figure 4 illustrates the elec-

tromechanical response of the proposed sensors composed of
PANI layers doped with different concentrations of dopant
solution. The electrochemical responses of the four different
sensors showed that the linearity increases by increasing the
concentration of dopant solution (Figure 4 a, Table 1). The
GF of the sensor decreases by increasing the concentration
(Figure 4 a, Table 1); however, the GF of PANI sensor doped
with 1M dopant solution was higher than the sensor doped
with 0.25M dopant solution by up to 0.5% strain. Therefore,
we select the sensor doped with 1M dopant solution, and
the proposed PANI sensor doped with 1M dopant solution
showed both high sensitivity (GF = 74.28) and linearity
(R2
= 0.99) of up to 1% strain. The maximum electrical

output for one pulse cycle from the radial artery resulted in
approximately 0.25% strain change under the pre-exercise
condition and approximately 0.5% strain change under post-
exercise conditions. The maximum amplitude from PANI
sensor was approximately a quarter of the linear strain range
(0%–1.8%), implying that the output signal from the radial
artery pulse waves changes within the linear range of the
sensor (Figure 4b). The GF and linearity of the sensor is
affected by the thickness of the elastomer layer. Both tend to
increase as the thickness of the layer decreases (Figure S3).
PANI sensor with thin elastomer layers have higher linearity
and sensitivity, but they are prone to failure from external
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FIGURE 3. Characteristics of PANI layer of the proposed sensor. (a) A field
emission scanning electron microscope (FE-SEM) image of the PANI layer
morphology, 1 µm. (b) Raman spectrum of the PANI layer.

interferences, including activities related to placing the sensor
for measurements, such as attaching or peeling it off the
skin. We selected PANI sensor coated with a 360-µm thick
ECOFLEX layer, which is relatively robust and has both high
linearity and high sensitivity. For pulse wave measurement,
maintaining the electromechanical property is important dur-
ing the expansion, contraction, and repetitive strain cycles.
Figure S4 A shows the hysteresis of the proposed sensor
under 0%–3% strain repeated five times. The sensor has
a similar electromechanical property under both expansion
and contraction tensile strains. (Figure S4 A) Figure S4B
shows the relative resistance change of the proposed sensor
when 0%–0.3% strain is repeated for 3000 cycles. The PANI
sensor exhibited higher sensitivity than the reported strain
pulse wave sensors (GF of 16.2 [37], 20[23]), which have
high linearity of R2

= 0.97. The sensitivity can be increased
without reducing the thickness of the elastomer layer by
modifying the geometric design of the PANI layer.

D. PULSE WAVE FEATURE ANALYSIS
We evaluated the designed sensor against the reference PPG
sensor by comparing the features of the pulsewavesmeasured
with both sensors. Figure 5a shows raw data from pulse

FIGURE 4. Electromechanical response of the PANI sensor under tensile
strain. (a) electromechanical response up to 2% strain of the four PANI
sensors doped with different concentration of dopant solution. (b)
electromechanical response up to 1.8% strain of the proposed PANI
sensor.

TABLE 1. Electromechanical properties of PANI sensors doped with
different concentrations of dopant solution.

waves collected from a subject (a 21-year-old male) at rest
over 2 min. Post-exercise pulse wave from the same subject
was also collected to evaluate the capability from changes
in the feature of the pulse wave after exercise. One hundred
continuous pulses from the pulse wave signals were separated
by the notch of the pulses. The pulses were overlapped and
averaged to identify the characteristic points and features
of radial pulse waves. The characteristic points of radial

VOLUME 8, 2020 152109



S. Kang et al.: Flexible Patch-Type Strain Sensor Based on Polyaniline for Continuous Monitoring of Pulse Waves

FIGURE 5. Pulse wave feature analysis. (a) Recorded pre-exercise pulse waves from a 21-year-old male subject;
inset shows the detailed pulse waves. (b) Overlapped feature and pulse propagation time of averaged pre-and
post-exercise pulse. (c)All pulses (cyan) for 2 min, averaged pulse (blue) and three characteristic points of the
pre-exercise pulse, and (d) post-exercise.

TABLE 2. Bias and 95% confidence intervals of PTPANI against PTPPG for all subjects.

pulse waves include a systolic peak PS, a dicrotic notch N,
and a diastolic peak PD [38]. The three points are clearly
distinguishable for both pre- and post-exercise pulse waves
(Figure 5c, d). The pulse propagation time 1T, which rep-
resents the time delay from the PS to the PD, is altered
by physiological conditions such as exercise [39]. In other
words, 1T reduces with increased heart rate due to exercise.
The averaged post-exercise pulse wave showed shorter 1T
(243 ms) compared with 1T for the averaged pre-exercise
pulse waves (258 ms) (Figure 5b). Moreover, the sensor was
able to extract main measures of vascular function, such as
reflection index, R.I.(%) = PD/ PS× 100 and stiffness index,
S.I. = (subject’s height)/1T from the data [39], [40]. The
R.I. decreased from 29% to 18%, while the S.I increased
from 7.05 [m/s] to 7.48 [m/s] after exercising. The point
of inflection Pi, which results from the tidal wave, became

distinguishable in the post-exercise pulses, whereas it was
indistinguishable in the pre-exercise pulses (Figure 5d). Pi
is the peak of the tidal wave (reflected wave). The time
difference from the end of the previous pulse (foot) to Pi is
related to the arterial stiffness of the entire arterial system
[41], [42]. In addition, the augmentation index, which is an
indirect measure of arterial stiffness, can be calculated from
Pi [43], [44]. The average amplitude of the post-exercise
pulse wave increased about two times compared with the
pre-exercise pulse. The maximum amplitude pre- and post-
exercise was 0.1927 and 0.4194, respectively. This increase
in amplitude denotes an increase in the volume of the radial
artery that causes the skin to strain. The feature analysis
shows that the signal from the sensor had the characteristic
features and behavior of pulse waves, and can extract vital
indicators related to pulse waves.
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FIGURE 6. Agreement test using PPG sensor and vital indicators extracted from the pulse wave signal. (a) Illustration of agreement test
set and pulse wave signal measured by PPG sensor (green) and PANI sensor (blue) (b) Correlation plot, (c) Bland-Altman plot,(d)
difference between PTPANI and PTPPG of seven subjects. (e) Representative data of heart rate change from subject 4 calculated from two
sensors of pre-exercise (f) post-exercise (g) PTT change between pre-(blue) and post-(red) exercise data of seven subjects.

E. PULSE WAVE MONITORING CAPABILITY TEST UNDER
INTERFERENCE CONDITION
Maintaining the capacity to monitor pulse waves under inter-
ference, including flexing the wrist, is essential for practical
use [23]. The effect of interferences, such as flexing the
wrist, on the signal was investigated by recording a pulse
wave. The subject attaches the PANI sensor and wears an
arm aid designed to flex the wrist at the desired angle. The
subject flexes the wrist back and forth for 30◦. As demon-
strated in Figure S5A, the resistance (baseline) and resistance
change for one pulse cycle increase after flexing owing to
additional strain by the motion. Three characteristic peaks
were distinguishable during the flexed phase of the motion
(Figure S5 B). The resistance and feature of the pulse waves
were almost immediately recovered by returning the wrist
to the straight condition (0◦), so that the three peaks can

be clearly recorded. Thus, the pulse signal was lost only
during flexing, and the signal immediately stabilized after
the movement, both in the flexed and straight conditions.
This result indicates that the motion artifact limits our sen-
sor by potentially reducing the overall signal quality and
its ability for clinical analysis. However, it also showed
that the stabilization time of the sensor is short (400 ms),
which is advantageous in practical use. The motion arti-
fact problem can be solved with further signal processing
[44] and with the use of an array PANI sensor. The pro-
posed sensor was fabricated through mask-deposition; thus,
an array can be easily obtained by changing the design
of the masking sheet. The PANI sensor array may provide
redundant pulse wave signals that can be useful for remov-
ing the motion artifact without additional sensors, such as
accelerometers.
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TABLE 3. Heart rate of PANI sensor under pre- and post-exercise condition for all subjects.

TABLE 4. A comparison of the performance of previous strain or pressure sensors with that of the PANI sensor.

F. AGREEMENT TEST WITH PPG SENSOR
We evaluated the proposed PANI sensor against a commer-
cial PPG sensor to assess its validity. Seven healthy sub-
jects (3 females and 4 males aged 20–30) were recruited
for this test. Each subject attached the PANI sensor on their
right wrist and wrapped the PPG sensor to the tip of their
right index finger. Continuous pulse wave signals from each
sensor were simultaneously recorded before and after the
exercise. PulPANI and PulPPG are the pulses recorded by
PANI and PPG sensors, respectively. Each PulPANIs matched
with PulPPG, which has the closest characteristic point from

the same point of the target PulPANI. The PS from the two
sensors were extracted as the characteristic point using a
peak detection algorithm; next, PulPANIs was matched with
PulPPGs (Figure 6a).PT is peak-to-peak time interval of pulse
waves. The PTs of each pulse from the two sensor, PTPANI
and PTPPG, were calculated and Heart rate (bpm) compared
for the matched PulPANI and PulPPG. Figures 6b, c show
the correlation and limits of agreement between PTPANI and
PTPPG. According to the regression results, the slope of
PTPANI versus PTPPG is 0.9965, with R2 of 0.9956 and mean
absolute percentage error of 0.8925%. The mean value of the
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bias and the confidence intervals of PTPANI against PTPPG
are summarized in Table 2. Subject 5 showed the largest
bias of 0.0899%, and subject 4 showed the smallest bias
of 0.0013%. The largest confidence interval of 2.3139% was
discovered by subject 2, and subject 7 showed the smallest
confidence interval of 1.4642%. The bias and the confidence
interval for all subjects were under 0.1% and 3% indicating
excellent agreement between the PANI and PPG sensors.
As shown in Figure 6d, the maximum and minimum differ-
ence, excluding outliers for the PT, were within 4%. The out-
liers may be attributed to the movement of the subject, such as
motion of fingers. The PTswere not exactly equal because the
two sensors measured PTs from different sites on the body.
Both the pre- and post-exercise PTPANI are closely correlated
and show agreement with PTPPG. The pre- and post-exercise
heart rates were also calculated from PT. The post-exercise
PT (red) is lower than the pre-exercise PT (blue) owing to
the increase in heart rate after exercise. Figures 6e, f show
the calculated continuous heart rate of subject 4 as a function
of time under pre- and post-exercise conditions. The pre-
exercise heart rate was approximately 90 bpm, while the post-
exercise heart rate increased to 145 bpm; then, it gradually
fell at a rate of approximately 20 bpm with recovery. Mean
of heart rates calculated from PANI sensor and PPG sensor
under pre- and post-exercise conditions for all subjects are
summarized in Table 3. The differences between the mean
heart rates from the two sensors for all subjects were less than
0.3 bpm and the heart rates increased after exercise. There-
fore, the proposed sensor showed the characteristic behavior
of the heart rate, i.e., an increase in the heart rate during
exercise, and can provide continuous heart rate data which
has a high agreement between the heart rate of PPG sensor.

Moreover, vital information related to blood pressure and
PTT can be collected by comparing the signal from the two
sensors. PTT represents the time delay when a pulse travels
from the proximal site to the distal site. It has been widely
demonstrated and accepted as a key factor for estimating
systolic and diastolic blood pressure [46]. PS of the pulse
wave from the PulPANI was recorded slightly earlier than the
peaks from the PulPPG because the PANI senor measured
the pulse waves on the proximal site. Therefore, the PTT
between the two sensors was calculated from the data. The
mean of the PTT for the pre-exercise recording was 44.7
± 5.9 ms, while that of the post-exercise PTT was 58.1 ±
5.4 ms. It has been reported that the pulse wave velocity is
unaffected by an increase in the heart rate after cumulative
exercise [47]. Figure 6g shows the PTT for the seven subjects.
It can be seen that exercise did not cause any coherent change
in PTT but increased the heart rate. Pulse wave velocity
has been used to detect changes in the artery and prognosis
of cardiovascular diseases [48]. According to the Moens–
Korteweg equation, pulse wave velocity, which depends on
the elastic properties of the arteries and blood, is defined as
the ratio of the length of the vessel to the PTT[45]. Assuming
that the distance between the two sensors is the vessel length,
the pulse wave velocity can be calculated using the measured

distance between the sensors and PTT. From these results,
the series of sensors attached along the blood vessel can
provide cuff-less blood pressure estimation by measuring
indicators such as pulse wave velocity.

G. PERFORMANCE COMPARISON ANALYSIS
Table 4 shows the advantages of the proposed wearable
pulse wave sensor compared against those of other wearable
strain or pressure sensors from other studies.

Both linearity and sensitivity of the sensor are essential
for pulse wave monitoring (III Result and discussion, C.).
However, the linearity of the sensor has not been investi-
gated in most of the previous researches. Our proposed sen-
sor demonstrates linearity of 0.99 and sensitivity of 74.28,
which are comparable or superior to the existing sensors.
Moreover, we also utilize a cost-efficient material and mass-
producible fabrication technique. Utilization of graphene and
high temperature-based technique are time consuming and
cost inefficient, thus may not be suitable for commercializa-
tion [23], [24], [37], [49]–[51]. In some other works [27],
[53], researchers utilized a screen printing technology, which
is also suitable technique for commercialization. However,
the SilverNW is considered as an unaffordable material for
sensor fabrication, specifically for disposable-pulse wave
sensing system.

In addition, we evaluated our proposed sensor with vali-
dation experiment including pulse wave feature analysis and
agreement test to the commercialized PPG device. Although
evaluating the overall sensor capability in practical applica-
tion is important, these analyses have not been investigated in
most of the previous studies as seen in the Table 4. The results
of the analyses indicated that our low-cost, flexible, and
wearable pulse wave sensor (1) can provide vital information
related to the cardiovascular health, (2) can be fabricated with
mass-producible method and cost-efficient material, and (3)
can be used as a true continuous plethysmography monitor
for real world application.

IV. CONCLUSION
A flexible, wearable strain sensor based on the piezo-
resistivity of the PANI was developed for continuous pulse
wave monitoring. The proposed sensor employs low-cost
materials and simple manufacturing processes; hence, it has
high application prospects as a disposable and inexpensive
sensor. Three characteristic points were distinguishable for
both pre- and post-exercise output signals, thus providing
vital information related to the circulatory system. Further,
the output signals from the sensor were highly correlated with
the signals from commercial PPG sensor. A limitation of the
designed sensor is that its operation is affected by motion
artifacts. This can be improved through signal processing and
post-correction using reference data frommulti-sensor arrays
because the sensor rapidly stabilizes when the movement
ends. The sensor achieves high linearity and sensitivity by set-
ting desired doping conditions and sensor thickness for pulse
wave monitoring applications. We expect that the sensor can
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be used in other medical application, such as monitoring
motion, carotid pulse wave, and respiratory by controlling
the sensitivity and linearity of the sensor. In conclusion,
our proposed sensor can be used as a flexible, unobtrusive
medical device for continuous monitoring of cardiovascular
activity.
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