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Highly Sensitive Flexible Iontronic Pressure Sensor
for Fingertip Pulse Monitoring

Qiupeng Lin, Jun Huang, Junlong Yang, Yi Huang, Yifan Zhang, Yueji Wang,
Jianming Zhang, Yan Wang, Linlin Yuan, Minkun Cai, Xingyu Hou, Weixing Zhang,
Yunlong Zhou, Shi Guo Chen,* and Chuan Fei Guo*

The pulse is a key biomedical signal containing various human physiological
and pathological information highly related to cardiovascular diseases. Pulse
signals are often collected from the radial artery based on Traditional Chinese
Medicine, or by using flexible pressure sensors. However, the wrist wrapped
with a flexible pressure sensor exhibits unstable signals under hand motion
because of the concave surface of the wrist. By contrast, fingertips have a
convex surface and therefore show great promises in stable and long-term
pulse monitoring. Despite the promising potential, the fingertip pulse signal
is weak, calling for highly sensitive detecting devices. Here, a highly sensitive
and flexible iontronic pressure sensor with a linear sensitivity of 13.5 kPa−1, a
swift response, and remarkable stability over 5000 loading/unloading cycles is
developed. This sensor enables stable and high-resolution detection of pulse
waveform under both static condition and finger motion. Fingertip pulse
waveforms from subjects of different genders, age, and health conditions are
collected and analyzed, suggesting that fingertip pulse information is highly
similar to that of the radial artery. This work justifies that fingertip is an ideal
platform for pulse signals monitoring, which would be a competitive
alternative to existing complex health monitoring systems.

1. Introduction

Diagnosis of pulse represents tactile arterial palpation of heart-
beat, carries numerous physiological information of the human
body such as blood pressure, heart rate, and vascular aging or
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hardening associated with the human car-
diovascular system (CS). Despite the high
fatality rate, 90% of cardiovascular dis-
eases, for example, arteriosclerosis and hy-
pertension, can be effectively prevented by
long-term monitoring of the physiologi-
cal signals.[1] Even at early stages physical
symptoms are often elusively observable,
they can be diagnosed via the change of
pulse wave. Traditional Chinese medicine
(TCM) has developed empirical skills to an-
alyze physiological conditions from pulse,
and monitoring of pulse signals is currently
indispensable in TCM.[2] Precautionary ac-
tions can be taken by analyzing the variation
of pulse wave with consideration of subjects
age, gender, and daily diet. However, TCM
is incapable of real-time recording of pulse
wave, and thus the diagnosis accuracy is
limited. Additionally, such an empirical di-
agnostic procedure may strongly depend on
the experiences and emotion of the practi-
tioner, leading to a skewed or problematic
diagnosis, and diagnostic results among

practitioners are often discrepant.[3] Therefore, a more quan-
titative and objective method for pulse monitoring is of great
significance.

The pulse waveform and electrocardiogram (ECG) have differ-
ent functions in reflecting physiological information of human
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body. The former is caused by pressure fluctuations in arteries,
well reflecting information such as mechanical properties of the
blood vessel walls. The later, however, reflects the bioelectrical
information of the body. The pulse waveforms allow physicians
to acquire some diagnostic information that may not be available
from ECG signals. Currently, the most widely used commercial
technology for pulse measurement is photoplethysmography
(PPG), for which the device generally consists of one light-
emitting diode and one photosensor for collecting cardiovascular
information based on the change in light absorption of blood
vessel.[4–6] However, PPG is rather susceptible to body movement
and ambient light variation, leading to unprecise acquisition of
pulse signals.[7] As an alternative approach, pulse monitoring
based on pressure sensor, that transforms mechanical inputs to
electrical signals, has been proposed and realized. Conventional
pressure sensors,[8,9] though have been commercialized in hospi-
tal for auxiliary diagnosis, yet still suffer from some issues includ-
ing discomfort and low bio-conformability due to their bulky and
stiff nature. By contrast, flexible pressure sensors,[10–12] with ad-
vantages of high flexibility and light weight, have been developed
and applied in biomedicine,[13,14] specially applied to real-time
monitoring of pulse signals. Up to date, many studies have
shown that physiological information can be acquired through
continuous monitoring of pulse signals from the radial artery at
wrist. However, the concave profile of wrist surface makes the
signal unstable, especially when the hand is moving. In addition,
pulse signals may also be detected from superficial arteries at var-
ious positions of the body such as fingertip, neck, arm, foot, etc.
Among them, fingertips have a convex surface with a relatively
small radius of curvature, and is believed to be an ideal platform
for stable blood waveform detection. However, few works on
monitoring pulse signal on fingertips has been reported, because
the intensity of fingertip pulse signal is too weak. Therefore, a
highly sensitive pressure sensor is required for pulse waveform
recording of fingertips.

Herein, we present a cost-effective and simple flexible ca-
pacitive pressure sensor for pulse monitoring employing an
ionic fabric as the dielectric layer. Our device exhibits a highly
linear sensitivity of 13.5 kPa−1 over a wide pressure ranges
up to 200 kPa, a swift response time of 30 ms, and a high
mechanical stability over 5000 cyclic loading/unloading. We
have also demonstrated that our device can detect fingertip pulse
waveforms, tiny changes of the signals during exercise and
breathing, as well as the difference of the waves for people with
different ages and different health conditions. The pulse signal
keeps remarkably stable during finger motions due to the convex
surface of fingers. The way of detecting pulse wave from fingertip
by using a highly sensitive fabric-based sensor is a good selection
for remote medicine, and can be used as a standardization and
intelligent development of Traditional Chinese Medicine.

2. Results and Discussion

2.1. Fabrication of the Pressure Sensor and Mechanism
of Fingertip Pulse Monitoring

Our pressure sensor has a capacitive type structure that consists
of two Au/colorless polyimide (Au/CPI) electrodes and a layer of

fabric containing ionic liquid sandwiched in between. As illus-
trated in Figure 1a, the commercial fabric was immersed in ionic
liquid (IL) (1-butyl-3-methylimidalium-hexafluorophosphate,
[BMIM]·PF6) for 5 min at room temperature, serving as the
dielectric layer of the device. Although the ionic liquid used in
this work is a material with low toxicity, it is not volatile, and
well-sealed in the device and confined inside the microstructures
of the textile due to the high capillary force, its biocompatibility is
therefore not an issue for sensing applications. This fabrication
procedure is simple, efficient and reproducible, such that this
technique is suitable for industrialization. Figure 1b,c displays an
SEM image of the fabric. Compared with the raw fabrics, a thin
layer of ionic liquid was loaded on the skeleton of the activated
fabrics. To verify the composition on the surface of the activated
fabric, we have performed energy dispersive spectroscopy (EDS)
of the raw fabric and that loaded with ionic liquid. The fabric
with ionic liquid contains extra elements of F and P that belongs
to [BMIM]·PF6 (Figure S1, Supporting Information), indicating
that after treatment there is a thin layer of ionic liquid coated
on the surface of the fibers. The ionic liquid can easily infiltrate
the porous fabric due to the large capillary force, leading to a
stable iontronic fabric after drying. The main reason that we
use ionic liquid (IL) for pressure sensing is that the liquid-shell
and polymer-core structure is highly flexible while presenting
low fatigue since liquid is often free-of fatigue during cyclic
deformations.[15] Besides, the low surface tension of IL al-
lows it to spread and form a homogeneously thin layer on elastic
substrates.[16] In order to investigate mechanical properties of the
fabric before and after loading ionic liquid, the elastic modulus
and elongation at failure of the fabric have been researched (Fig-
ure S2, Supporting Information). The elastic modulus and elon-
gation at rupture of single yarns before treatment are 0.48 MPa
and 4.52%, respectively, and that of the fabric after immersed in
ionic liquid are 0.49 MPa and 4.50%, respectively. No significant
change in mechanical properties was observed. In addition, the
dielectric constant of fabric before and after being immersed in
ionic liquid can be calculated to be 1.96 and 37.3, respectively.
The significant increase in dielectric constant lies in the addition
of ionic liquid.

The photo and structure of our sensor is shown in Figure 1d,
and the cross-section of the sensor is shown in Figure S3, Sup-
porting Information. The monitoring of fingertip pulse signal
can be simply realized by laminating the sensor on the center
of a fingertip surface and recording the capacitance signals (Fig-
ure 1e). The underlying sensing mechanism is readily illustrated
in Figure 1f,g. When a small voltage is applied, an electric double
layer (EDL) forms at the electrode-ionic liquid interface. The ca-
pacitance of such an EDL is extremely large due to the nanoscale
distance between the positive and negative charges.[17–19] The
contact area between the fabric and the opposing electrode in-
creases as the external load increases, escalating EDL capacitance
by up to a few orders, and thus the sensor is capable of converting
mechanical stimuli to capacitance signals. Figure 1h exhibits an
equivalent electronic circuit of the fabric-based sensing configu-
ration, for which fibers with a thin layer of ionic liquid on sur-
face can introduce an additive resistive component that connects
with the EDL capacitors in series.[20] The resistance R connects
the two EDL in the circuit in series, but its impact onto the total
capacitance is negligible because capacitance is not sensitive to
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Figure 1. Fabrication of flexible sensor and its sensing mechanism. a) Schematic for the fabrication of ionic liquid-coated fabrics. b–c) SEM image of the
fabric b) before and c) after loading with ionic liquid. d) The photo and structure of the sensor, consisting of a CPI/fabric-IL/CPI multilayer. e) A pressure
sensor laminated on fingertip for pulse monitoring. f–g) Schematic for the working principle of the iontronic pressure sensor. h) Equivalent electrical
circuit of the sensor. i–j) Schematic for the pulse sensing mechanism. Here FBP is the pressure of blood on the vascular wall, and FSP is the pressure of
vascular wall applied on the sensor.

resistance. In fact, the resistance values do not vary significant
with varying pressures. The pulse monitoring is schematically il-
lustrated in Figure 1i,j. Since the arterial blood vessel wall is arc-
shaped, the sensor can only sense part of the pressure of artery
from the vertical direction. Thus, the measured signal does not
accurately reflect the physiological conditions of the vessels. An
external force was applied on skin to flatten the blood vessel to ad-
dress this issue, and the sensor was laminated on skin to sense
the changes in pressure from the vascular wall, thus enlarging
the amplitude of pulse wave. By increasing external force to the
skin, blood vessels will undergo different states. Only when the
applied force is appropriate the collected pulse waveform can well
reflect the physiological status of human body.

2.2. Sensing Performance of the Sensor

The sensitivity (S) of a pressure sensor is defined as S =
𝛿(ΔC/C0)/𝛿P, where P is the applied pressure, C0 and ΔC
are the initial capacitance and the change in capacitance,

respectively.[21,22] As shown in Figure 2a, the sensor exhibits an
almost linear sensitivity of ≈13.5 kPa−1 in the pressure range
up to 175 kPa, but with a lower sensitivity of 6.5 kPa−1 when
the pressure is below 10 kPa. As plotted in Figure 2b, our sen-
sor exhibits a higher and linear sensitivity over a broad pressure
range, in comparison with existing capacitive pressure sensors
in literature.[12,23–27] The capability to detect ultralightweight ob-
jects was investigated by loading/removing a small petal (75 mg)
corresponding to a pressure of about 7.5 Pa on the sensor, and
capacitance signal increases and decreases immediately upon
loading and unloading, respectively, indicating that our sensor
can sensitively detect low pressures of a few pascals (Figure 2c).
Next, the response speed of the sensor is evaluated by loading
a weight equivalent to a pressure of 44 Pa on the sensor. The
sensor exhibits a rapid increase in capacitance within ≈30 ms
when loaded, comparable to that of the human skin (response
time 30–50 ms).[28] When the load is removed, the capacitance
of the sensor recovers within ≈30 ms (Figure 2d). In addition,
higher test frequency reduces the capacitance of the sensor, in-
dicating a characteristic of iontronic-type sensors (Figure 2e). In

Adv. Healthcare Mater. 2020, 9, 2001023 © 2020 Wiley-VCH GmbH2001023 (3 of 11)



www.advancedsciencenews.com www.advhealthmat.de

Figure 2. Sensing performance of the flexible pressure sensor. a) The sensitivity of sensor based on capacitance change (ΔC/C0)–pressure curve. b)
Sensitivity as a function of pressure for our sensor and some existing sensors in literature. c) A piece of lightweight petal (75 mg) placed on top of the
sensor for detecting the response to the pressure of the sensor. d) Response time of the sensor at the pressure of 44 Pa. Both the responses and the
relaxation of the signal are within 30 ms. e) Response of capacitance under different test frequencies. f) Relationship between the capacitance response
and bending radius. g) Signals of the sensor subject to 3000× of repeated bending/release at a bending radius of 2.6 mm. h) Signals of the sensor
subject to cyclic compression/release for over 5000 cycles at a peak pressure of 50 kPa.

other words, test frequency is related to the charging and dis-
charging speed in the sensor that is contributed by the migration
ions and electrons. The higher the frequency, the lower of the ef-
fective ion migration rate between the two electrodes, leading to
a lower capacitance.

High flexibility of a sensor is necessary for its wearable appli-
cations. Human skin often exhibits a curved surface, such that

high flexibility of the sensor is desired for being well attached on
the skin. The dynamic bending test of the sensor was performed
at different bending radii, as shown in Figure 2f and Figure S4,
Supporting Information. Figure 2f shows that the capacitance el-
evates when the bending radius reduces from 4.8 to 1.7 mm. At
a given bending radius of 2.6 mm, the response was found to
be quite stable over 3000 bends (Figure 2g), indicating that our
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Figure 3. a–b) Photograph and schematic of the pulse detection on the fingertip and the wrist. Schematic illustrations indicate that the finger has
a convex surface while the wrist has a concave surface. c–d) Dynamic monitoring of c) radial artery pulse and d) fingertip pulse. e–f) Pulse signals
monitored from three segments of an index finger.

sensor is highly flexible and stable over cycles, and is expected
to be well attached on skin surface for physiological signal and
human motion detection. The sensor was also stable over 5000
compression/release cycles at a peak pressure of about 50 kPa
(Figure 2h). The result shows that the response well maintains
its amplitude but with a smooth signal drift, which can be cor-
rected by a simple signal processing. Besides, the migration rate
of ions increases with increasing temperature (Figure S5, Sup-
porting Information) as a result of the improvement in the mo-
bility of ions.

2.3. Fingertip Pulse Monitoring

Pulse signal have several characteristics:[29] 1) Pulse wave is a
weak signal. There are many arteries distributed in the human
body, but only those under superficial tissues, such as the radial
artery and the carotid artery, can be felt by touch. 2) Pulse signals
belong to infrasound which is a low-frequency physiological sig-
nal. The frequency spectrum is mainly distributed within 20 Hz,
and most of the frequencies are within 10 Hz. 3) Being suscep-
tible to noise that can be possibly caused by the frequent move-
ment of human limbs, nervous tension, working frequency, and

so on. 4) Variability. Human body is a complex system, and ar-
teries are affected by other branches of body, thus pulse signals
show different characteristics in different individuals, and in dif-
ferent states of the same individual.

Technically, the arterial pulse can be perceived directly from
the skin surfaces, including wrists, fingertips, neck, ankles, ears,
and other parts. Typically, pulse is detected on wrist at three
positions called Cun (distal), Guan (middle), and Chi (proximal).
There is a prominent bone to the palm side, with Guan positions
closely to the bone, Cun next and then Chi, with a ≈1 cm
interval.[30] The wrist surface where pulse is detected is bent in
concavely (Figure 3a), and the pulse signals are susceptible to
interfere when a band or a flexible sensor is wrapped on wrist
because of the gap. By contrast, this is not a problem when
touching the pulse with fingertips because fingertip skin has
a convex surface (Figure 3b), such that a sensor wrapped on
fingertip is expected to fit well with the skin whether the finger is
in static or in dynamic conditions. Two sensors were attached on
the index finger and wrist, respectively, for dynamic monitoring
of pulse signals, and corresponding pulse signals are presented
in Figure 3c,d, respectively. The pulse waveforms can still be
measured dynamically with finger movements, as shown in
Supporting Information Video. The results show that the sensor
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Figure 4. a) Pulse waveforms from the five fingertips and the radial artery. b) A single pulse wave from the index finger, showing the P-, T-, and D-waves.
c–d) Statistical results of c) AIr and d) ΔTDVP for the pulse of the five fingertips and the radial artery.

on fingertip can acquire stable pulse signals upon finger bending
or moving, while for the sensor on radial artery, the pulse wave
is undetectable when the hand is bending forward. The results
verify that fingertip is a more ideal position than radial artery for
pulse monitoring. Unfortunately, the fingertip pulse is too weak
to be detected by using most existing sensors or be felt by human
skin. Our sensor studied here presents a high and linear sensitiv-
ity, which would therefore be a good selection for fingertip pulse
monitoring.

We sometimes need to avoid attaching a sensor on fingertips
since they are frequently used for manipulation and sensation. A
finger often has three segments (or two segments for thumb) and
either segments can be used for pulse monitoring. We tested the
pulse of an index finger by attaching the sensor on the skin of the
distal, middle, or proximal phalanx (Figure 3e) and found little
differences in pulse waveforms of the three segments, as shown
in Figure 3e,f. The differences might come from the difference
in the base-pressure that fixates the sensor.

Pulse waveform can be analyzed by numerous approaches,
mainly including time domain and frequency domain methods.
The frequency domain spectrum can be acquired by Fourier
transformation of the time domain spectrum, which intuitively
reflects the heart rate, whereas the time domain spectrum con-
tains more information than the frequency domain spectrum.
Therefore, time domain analysis is a common method to ana-
lyze pulse signal, and this work focuses on time domain analy-
sis. Waveform parameters (such as pulse amplitude and rate, ten-
sion coefficient, etc.) extraction is performed by the time-domain
methods.[30] Typically, a pulse wave consists of both ascending
limb and descending limb, and each period consists of percus-
sion wave (P-wave), tidal wave (T-wave), and diastolic wave (D-
wave).[31] The P-wave is a part of the ascending limb, which is
caused by the early systolic spike in blood ejection from the con-
tracting left ventricle. The T-wave and D-wave are a part of the de-
scending limb, which are both caused by blood flow reflection.[32]

Specifically, the T-wave represents the late systolic peak pressure
from the hand region, and the D-wave shows up in the diastole

region and is from the lower body.[33] The radial artery augmenta-
tion index (AIr) is the ratio between the wave amplitude of the T-
and the P-wave, and the time delay between the P- and the T-wave
peaks is defined as ΔTDVP,[34] which can often be used to evalu-
ate the cardiovascular health conditions by the arterial stiffness
level.[35]

Pulse waves of the five fingertips as well as the radial artery
detected using our sensor are shown in Figure 4a. The waveform
of fingertip pulse is similar to that of the radial artery. However,
the amplitude of the pulse wave is different due to the different
test pressure. Although fingertip pulse is weak, we are still able to
collect high signal-noise ratio signals because the sensor is highly
sensitive. As depicted in Figure 4b, magnified plot of the index
finger pulse includes three typical main waves of the P-wave,
T-wave, and D-wave, which are clearly discernable. To further
quantify the difference between those pulse waves, the statistical
results of the AIr and ΔTDVP were recorded for both the radial
artery and the fingertip artery. The averaged value of AIr of a male
volunteer is 73%, and ΔTDVP is 265 ms (Figure 4c,d), suggesting
that the subject does not have vascular aging problems.[36,37]

In view of the results, the value of AIr and ΔTDVP of the radial
artery and that of the fingertip pulse have slight differences but
can be neglected, indicating that detecting fingertip pulse can be
an alternative to radial artery pulse but with much better signal
stability.

A simple experiment of recording the signal when holding
breath and normally breathing was conducted to investigate the
change in fingertip pulse at different breathing states. As shown
in Figure 5a, an asymptomatic male volunteer first normally
breathes for about 20 s, and then holds breath for about 30 s, and
returns to normal breathing finally. During the whole process,
fingertip pulse wave was monitored continuously. It is found that
the pulse waves recovers immediately to the initial state as the
subject starts to breathe normally again after holding breath for
about 30 s, and such a result means that pulse waves would re-
flect our breathing state. These results confirms that our sensor
has potential clinical applications due to its high sensitivity and
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Figure 5. a) Dynamic monitoring of fingertip pulse signals under different state including i) normal breathing, ii) holding the breath, iii) back to normal
breathing. b) Magnified views in the selected regions indicated by the dashed boxes in panel a). c) AIr and ΔTDVP variation during different breath states
for normal breathing, holding the breath, and returning back to normal breathing. d) Pulse signal from radial artery with different breath states under a
capacitance test frequency of 105.

simple fabrication. The pulse waveform of the subject under
three states are marked as i, ii, and iii (Figure 5b). The amplitude
of the P-wave decrease slightly when holding the breath in refer-
ence to the case of normal breath, resulting in the change of AIr
from 56% to 58%, and back to 56% again when returning to nor-
mally breathing (Figure 5c). The T-wave is delayed and a higher
peak of the T-wave is observed, and ΔTDVP is found to increase
from 207 to 219 ms, and then decrease back to 202 ms under
normal breathing again (Figure 5c). We have tested a few other

subjects and the results are shown in Figure S6, Supporting In-
formation. The pulse signal from fingertip with different breath
states suggests that the pulse waveform is completely different
when breathing normally and while holding breath, enabling its
potential application in the monitoring of sleep apnea. Such a
phenomenon also appears in radial artery pulse (Figure 5d). The
results indicate that the pulse wave of fingertip can well reflect
physiological change of human as the radial artery does. It is ex-
pected that we can collect pulse information from fingertips and
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Figure 6. a) Pulse signals for a male with different rest time after exercise. b–c) The variation of b) AIr, and c) pulse rate with increasing rest period. d)
The measurement setup for the fingertip pulse detection and the measured pulse signals at different pressures.

send the information to a mobile intelligent terminal through
wireless transmission, and the data can further be remotely ana-
lyzed by a doctor or using software.

Aging, poor diets, and lack of exercise might result in sig-
nificantly negative effects on health, causing diseases such as
hypertension, arteriosclerosis, and ischemic heart, due to the
change in arterial wall composition as well as the increase in
elastic artery stiffness.[35,38] To demonstrate the effect of exer-
cise on pulse wave, a 23-year-old asymptomatic male volunteer
was recruited and his fingertip pulse wave variation was mon-
itored after exercise with a 10 min rest period using our pres-
sure sensor (Figure 6a). Once the exercise was finished, the pulse
wave was recorded immediately and time was set to be 0 min.
As depicted in Figure 6b,c, the AIr increases gradually, and the
pulse rate decreases from 100 to 85 beats min−1. Pulse rate fur-
ther decreases to normal levels as the body calms down, agree-
ing well with the results of radial artery pulse reported by Song
et al.[35] In addition, we have tested more subjects and got simi-
lar results (Figure S7, Supporting Information). The results are
thus proven to be reliable. The results also indicated that stiff-
ness of vessels can be reduced by proper exercise by means of
dilating and enhancing vasoconstriction/relaxation, which can
be reflected from the AIr. The frequency domain analysis is
more suitable to evaluate the change in heart rate, which hap-
pens during body motion. We therefore performed frequency
domain analysis for the pulse waves of Figure 6a, and pulse
frequency changes at different stages of exercise and rest were
clearly shown (Figure S8, Supporting Information). Besides, our
sensor is capable of monitoring the pulse wave at various exter-
nal pressures. The sensor was gently fixed on a fingertip and
wrapped with a blood pressure gauge (Figure 6d).[39] The pres-
sure was increased from 0 kPa to 0.8, 2.5, 5, 8, and finally to
10 kPa. As shown in Figure 5d, the amplitude of the pulse wave
significantly increases when the external pressure varies from 0
to 0.8 kPa, and the amplitude slightly drops as the pressure fur-
ther increases up to 8 kPa because the blood vessels are over-
compressed. At 10 kPa, the signal amplitude dramatically de-

creases to a much lower level. This result agrees well with pre-
vious reports on pulse monitoring of radial artery.[3,40] As the
pressure further increases to 13 kPa, the pulse wave tends to be
blurry and the three distinct peaks cannot be differentiated (P-,
T-, and D-waves), indicating that there is an optimized external
pressure to be applied on the sensor for pulse monitoring on
fingertips.

To confirm whether the fingertip pulse can be used as a sign for
preliminary judgment of aging and cardiovascular health condi-
tions of vessels, real-time fingertip pulse waveforms from differ-
ent subjects were collected, as shown in Figure 7a–f. Typically, the
pulse frequency of a healthy adult is about 75 beats min−1 with a
regular pulse shape, as shown in Figure 7a. The pulse frequency,
however, will be much higher for children. Figure 7b shows that
a healthy child (female) has a pulse frequency of 115 beats min−1.
By contrast, the pulse frequency of a pregnant women (22 weeks
pregnancy) is ≈98 beats min−1 (Figure 7c), but also faster than
the normal pulse frequency. Compared with females, males of-
ten have stronger P- and T-waves, exemplified by the result from
the 23-year-old young man (Figure 7d), such strong waves are re-
lated with a stronger momentum of blood ejection. In addition,
both the child and the pregnant woman have a P-wave broader
than normal, and the T-wave vanishes for the pregnant women,
which has already been confirmed in the radial artery pulse.[11]

Compared with that of young men, pulse waves from old men
are often slow and weak, and the T-wave is hardly observable (Fig-
ure 7e). Because the artery is often stiff for aged persons, the re-
flected wave returns more easily to the artery, giving rise to the
migration of reflected wave to the systolic waves, and thereby the
increasing of AIr. Young men often have a higher elasticity of
the artery, and thus the pulse wave spreads slowly accompanying
with a reflected wave flowing back to the aorta at the late systole,
leading to a negative AIr.[40] Figure 7f shows the pulse waveform
of a 70-year-old patient with arrhythmia. The pulse waves exhibit
irregular shape and intensity, with a pulse wave partially over-
lap with another one, being the characteristic sign of arrhythmia.
Except for the fingertip and wrist, our sensor can also be
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Figure 7. Fingertip pulse waves of various subjects: a) A 23 year old female, with a heart rate of 78 beats min-1. b) A 4 years old female, with a heart rate
of 115 beats min-1. c) A pregnant woman (22 weeks), with a heart rate of 98 beats min-1. d) A 23 year old male, with a heart rate of 80 beats min-1. e)
A 65 year old man, with a heart rate of 78 beats min-1. f) A patient with arrhythmia. g) Measurement positions and h) corresponding collected arterial
pressure waveforms. From left to right: brachial artery, carotid artery, temporal artery, posterior tibial artery, and pedal artery (dorsalis pedis).

laminated on different parts of health subjects for pulse detec-
tion, including brachial artery, posterior tibial artery, pedal artery,
carotid artery, and temporal artery, as shown in Figure 7g. The
corresponding pulse waveforms were shown in Figure 7h, all
with characteristic peaks. The capability of capturing those im-
perceptible signals verifies that that our sensor is powerful in de-
tecting physical physiological signals of human body, and holds
a potential to assist clinical diagnosis.

3. Conclusion

In summary, a wearable capacitive-type pressure sensor with a
high and linear sensitivity has been developed for monitoring
fingertip pulse, which is otherwise too weak to be detected by
many existing flexible sensors. Our results indicated that the fin-
gertip can be used as a standard platform for pulse detection, and
the measured pulse have a waveform similar to that of the radial
artery, and can be used for evaluating cardiovascular health con-
ditions. The effect of breathing and exercise on the fingertip pulse
wave has also been studied. Although the exploration and anal-
ysis may still be too crude to reflect the comprehensive health
condition of the cardiovascular system, our sensor for fingertip

pulse monitoring can be used for drawing a preliminary conclu-
sion of cardiovascular health. This fabrication of the sensor is
simple, cost-effective, and easy for large-scale preparation. In ad-
dition, the fingertip pulse measurement is found to be far more
stable than that of radial artery because of the soft and convex sur-
face, and thus fingertip should be used as an ideal platform for
pulse detection. Our technique is also expected to be promising
for real clinical applications.

4. Experimental Section
Materials: The fabric consisting of spandex (15%) and chinlon (85%)

was provided by Deqing Taihe Industrial Co., Ltd (Zhaoqing city, Guang-
dong province, China) and was used as the sensing substrate. Ionic liquid
(IL), (1-butyl-3-methylimidalium-hexafluorophosphate, [BMIM]·PF6) was
obtained from Lanzhou institute of Chemical Physics, China. The colorless
polyimide (CPI) films were purchased from Shanghai Chemical Reagents
Co., Ltd.

Preparation of Flexible Electrode and Flexible Pressure Sensor: A layer of
gold film with a thickness of 60–80 nm was deposited on the surface of the
CPI film using ion sputtering, being used as the top and bottom electrodes
of the sensor. Following that a silver wire was mounted on the terminal
of the CPI/Au film, connected to a capacitance meter for capacitance
measurement. The electrodes of our sensor (CPI/Au) could also be

Adv. Healthcare Mater. 2020, 9, 2001023 © 2020 Wiley-VCH GmbH2001023 (9 of 11)
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changed to commercial aluminum foil electrodes or carbon cloth. The
fabric was immersed into the ionic liquid ([BMIM]·PF6), and then dried at
50 °C for 1 h to be used as the dielectric layer. Subsequently, the dielectric
layer with a size of 1 cm2 or 25 mm2 was sandwiched between the top and
bottom electrodes. Finally, the triple-layered device was sealed using a
3M Scotch tape. Sensor used for the test of sensing properties are 10 mm
× 10 mm in area, and that for pulse monitoring is 5 mm × 5 mm in
area.

Characterizations and Measurements: The morphology of the fabric
was inspected by using filed-emission scanning electron microscopy
(SEM, TESCAN). The sensing response of the sensor were tested using
a force gauge (XLD-20E, Jingkong Mechanical Testing Co., Ltd) that ap-
plies programmed pressure, one time off or repeated. For the bending
test, the length and width of the sensor are 10 and 5 mm, respectively. A
device was clamped on a moving stage driven by a motor and subjected
to squeezing causing buckling while the electrical signal as a function of
the radius of curvature was recorded. In this work, the capacitance of the
sensors was recorded in real-time through an inductance capacitance and
resistance (LCR) meter (E4980AL, KEYSIGHT) at a testing frequency of
104 Hz.

Real-Time Monitoring of Fingertip Pulse: A flexible sensor with the sizes
of 25 mm2 was fixed to the center of a fingertip using medical tapes. The
external pressure applied onto finger can simply be judged by compar-
ing the capacitance baseline with a standard capacitance-pressure curve.
The external force applied to detect the fingertip pulse signal is about 1
N (about 40 kPa). Besides, once the sensor is attached to the fingertips,
the external force remains constant either in the static or motion state. In
order to monitor the pulse signals at different external pressures, an ad-
ditional pressure was applied using a commercial blood pressure gauge,
with the initial pressure that fixed the sensor on fingertip was marked as
0 kPa. All pulse waveform data are original without any data processing.

Experiments on Human Subjects: On-skin experiments were con-
ducted under the approval from the Institutional Review Board at
the Southern University of Science and Technology (protocol number:
20190007).
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