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Arteriosclerosis Assessment Based on Single-Point Fingertip
Pulse Monitoring Using a Wearable Iontronic Sensor

Yi Huang, Lingyu Zhao,* Minkun Cai, Jiaqi Zhu, Liu Wang, Xinxing Chen, Yumin Zeng,
Liqing Zhang, Jidong Shi,* and Chuan Fei Guo*

Arteriosclerosis, which appears as a hardened and narrowed artery with
plaque buildup, is the primary cause of various cardiovascular diseases such
as stroke. Arteriosclerosis is often evaluated by clinically measuring the pulse
wave velocity (PWV) using a two-point approach that requires bulky medical
equipment and a skilled operator. Although wearable photoplethysmographic
sensors for PWV monitoring are developed in recent years, likewise, this
technique is often based on two-point measurement, and the signal can easily
be interfered with by natural light. Herein, a single-point strategy is reported
based on stable fingertip pulse monitoring using a flexible iontronic pressure
sensor for heart-fingertip PWV (hfPWV) measurement. The iontronic sensor
exhibits a high pressure-resolution on the order of 0.1 Pa over a wide linearity
range, allowing the capture of characteristic peaks of fingertip pulse waves.
The forward and reflected waves of the pulse are extracted and the time
difference between the two waves is computed for hfPWV measurement using
Hiroshi’s method. Furthermore, a hfPWV-based model is established for
arteriosclerosis evaluation with an accuracy comparable to that of existing
clinical criteria, and the validity of the model is verified clinically. The work
provides a reliable technique that can be used in wearable arteriosclerosis
assessment systems.
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1. Introduction

Arteriosclerosis is a disease that often ap-
pears as the hardening and narrowing
of artery walls.[1,2] Arteriosclerosis-induced
cardiovascular diseases such as heart at-
tack and stroke have been a primary
cause of mortality worldwide.[3,4] Quanti-
tative evaluations of arteriosclerosis have
long been studied, among which the pulse
wave velocity (PWV), a parameter in di-
rect proportion to the vascular elastic mod-
ulus (or stiffening level),[5–7] is widely ac-
knowledged as an effective indicator of ar-
teriosclerosis risks.[8] PWV is usually de-
termined by measuring the pulse trans-
mit time (PTT) between two locations at
a distance S of the same artery (two-point
method), i.e., PWV = S/PTT. Clinical PWV
includes the brachial-ankle pulse wave ve-
locity (baPWV)[9,10] and the carotid-femoral
pulse wave velocity (cfPWV),[11,12] both mea-
sured with the two-point method. Such a
measurement usually requires a skilled doc-
tor operating a costly and bulky medical ap-
paratus (e.g., Omron colin-automatic arte-
riosclerosis detector, which costs ≈60 k US
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dollars), partly because of the high demand for synchronization
of the two sensors.[13,14] In addition, PWV measurement in hos-
pitals often lasts for a short period of time, which may not be
sufficient for accurate arteriosclerosis diagnosis.[15,16] Therefore,
it is necessary to develop wearable devices that can provide con-
tinuous, non-invasive, and precise monitoring of PWV for arte-
riosclerosis assessment, and the technology is especially valuable
in rural areas where apparatus and skilled doctors are lacking.

Flexible pressure sensors can convert mechanical stimuli into
electrical signals and have been widely used to detect arte-
rial pulse waves in a continuous mode because flexible devices
can be conformally laminated on human skins for long-term
monitoring.[17,18] Although great efforts on the measurement of
PWV have been made,[19] existing PWV acquisition based on flex-
ible pressure sensors still uses a two-point method, for which two
sensors detect pulse waves at different arterial locations (mostly
joints) simultaneously.[20] This technology, however, suffers from
two drawbacks. First, body motions can severely affect the detec-
tion of pulse waves using wearable sensors laminated at joints.
For example, radial artery pulse detection is the most widely used,
but the signal often becomes undetectable when the wrist bends
forward.[21] Second, the synchronization of signals from the two
electrical recording channels causes further challenges in the de-
sign of circuit and algorithm.

An alternative solution is to develop a single-point PWV mon-
itoring system using one flexible pressure sensor. However, con-
structing such a single flexible sensor-based wearable system is
challenging—it requires high stability and reliability of the pulse
wave detection, together with a valid computation of PWV based
on the signal of one sensor. Here, we report single-point heart-to-
fingertip PWV (hfPWV) measurement on the basis of a flexible
iontronic pressure sensor for fingertip pulse detection. The sen-
sor exhibits high-pressure resolution (the smallest pressure that
the sensor can detect) on the order of 0.1 Pa and linear response
that allow for the detection of characteristic peaks of the fingertip
pulse, which was selected for further analysis due to its high sta-
bility upon hand gestures. We use Hiroshi’s method for hfPWV
measurement,[22] and develop a model that can be used to as-
sess the level of arteriosclerosis based on the hfPWV values. Our
study suggests that this single-point hfPWV measurement based
on our flexible iontronic sensor is comparable to the traditional
two-point method (based on baPWV) in terms of accuracy while
being much simpler in the system buildup and operation. We ex-
pect our single-point method to be applied in portable and long-
term daily monitoring systems of arteriosclerosis assessment.

2. Results and Discussion

2.1. Principle of the hfPWV Measurement

The pulse wave is the superposition of the forward pulse wave
and the reflected pulse wave (Figure 1a). The forward pulse wave
is formed as the heart ejects blood to the periphery,[23,24] while
the interaction between the forward pulse and the micro-arteries
leads to a centripetal reflection of blood, generating the reflected
pulse wave.[20,25,26] The reflected pulse wave is constrained by the
closed arterial valve, generating a secondary forward pulse wave
(Figure 1a).[27,28] Therefore, the re-reflected pulse lags behind the
initial forward pulse by twice the heart-fingertip length (S) and

the time difference between them represents the round-trip time
of the pulsed wave from heart to fingertip, defined as the heart-
to-fingertip PTT (hfPTT). When arteriosclerosis occurs, PWV in-
creases and hfPTT reduces (Figure 1a).

In Hiroshi’s method, the acceleration pulse wave (APW),
which is acquired through the quadratic differentiation of the
original waveform by time, has been widely used since it reflects
the axial driving force and the resistance to the arterial blood
flow.[29,30] In this work, the pulse is detected using our iontronic
sensor laminated at the fingertip. The APW shows a waveform of
damped oscillation resulting from the repeated reflection of the
heart valves (peaks in APW) and the capillaries at the fingertip
(valleys in APW) (Figure 1b). Therefore, the round-trip time of
the pulsed blood flow between heart and fingertip, or hfPTT, is
identified as the time interval between the first two peaks, and the
corresponding PWV value (hfPWV) can be calculated by dividing
S with hfPTT.

The clinical assessment of arteriosclerosis, however, usually
uses a different principle. The clinical methods apply a two-point
method to detect PWV, by detecting pulses simultaneously at the
brachial and ankle arteries. The PWV value, called baPWV, is
computed as:

baPWV =
Lb − La

ΔT
(1)

where La is the distance from the ankle artery to the aortic valve,
Lb is the distance from the brachial artery to the aortic valve, and
ΔT is the time difference (Figure 1c).[31] Although this method
is straightforward, it suffers from the high requirement in syn-
chronization and unstable signal caused by joint motion.

2.2. Fabrication and Sensing Properties of the Iontronic Sensor
and Its Performance in Fingertip Pulse Monitoring

In this study, we utilize iontronic pressure sensors that consist
of a layer of microstructured ionic gel sandwiched between two
flexible electrodes to detect fingertip pulse waves. These iontronic
sensors create a tunable iontronic nanointerface through the con-
tact between the microstructured ionic layer and the electrodes.
An electric double layer forms at the interface, for which ions and
electrons are at a nanoscale distance. As a result, an ultrahigh
areal capacitance and a sensitive electromechanical response can
be achieved. Upon loading, the contact area between the elec-
trode and ionic layer increases to generate an increase in capaci-
tive signal.[32,33] The microstructure of the ionic layer plays a key
role in tuning the properties of the sensor. Signal saturation, a
phenomenon that the increase of response gets slower, which
is caused by the stiffening of soft materials, has long puzzled
the field. Recently, a microstructure that utilizes an “intrafilling”
effect (using holes and grooves to accommodate bulked protru-
sions and to relieve structure stiffening) has proven to be effec-
tive in relaxing the stiffening effect and further broadening the
working range of flexible pressure sensors.[33] However, nonlin-
ear response in such devices still exists.

The microstructure in this work can result in wide-range lin-
ear response of the iontronic sensor. This microstructure is a
tilted, peanut-like pillar array with each pillar neighboring a
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Figure 1. Single-point method for pulse wave velocity (PWV) measurement. a) Schematic illustration for the principle of hfPWV measurement. A flex-
ible pressure sensor attached on a fingertip is used to detect pulse wave, from which hfPTT is extracted. b) Fingertip pulse wave and corresponding
acceleration pulse wave. c) Principle of the baPWV measurement using a two-point method.

complementary-shaped groove (we call a peanut-groove struc-
ture). Such a design features linear response of sensitivity over a
wide working range (0–150 kPa). The deformation of the peanut-
groove structures under compressive loading is elucidated by fi-
nite element analysis (FEA), where a linear relationship between
normalized iontronic contact area (A/A0, where A is the actual
contact area, and A0 is the original contact area before loading)
and the applied pressure is observed (Figure 2a,b). Note that A/A0
has been widely acknowledged as a measure of the sensitivity
(ΔC/C0) of the iontronic sensor in the light of the supercapacitive
nature of EDLs (i.e., C–A). The linearly increasing contact area
is attributed to the buckling of the peanuts and the subsequent
filling of the groove, i.e., the structure shows a high compress-
ibility without exerting too much resistive force to the applied
pressure. By contrast, a control structure with a tilted pillar in
the absence of grooves (termed peanut-flat structure) has a lower
compressibility and thus exhibits a rapidly increasing resistive
force, leading to a nonlinear response between the contact area
and applied pressure. Furthermore, a hemispheric structure that

cannot buckle shows even poorer compressibility and the lowest
change of area.

The linear response caused by the peanut-groove structure is
also verified in the experiment. The peanut-groove microstruc-
ture was fabricated by 3D printing (Figure 2c and Figure S1–
2, Supporting Information), and encapsulated between two Au
(100 nm)-polyimide electrodes to form a sensor. The sensor
demonstrates high flexibility, which enables its attachment to
curved skin (Figure S3, Supporting Information). In accordance
with the simulation result, the output of the iontronic sensor
shows high linearity with a correlation coefficient of R2≈0.999
over a broad range of 0–150 kPa (Figure 2d). The high linear-
ity is further verified in two demonstrations—in either stepwise-
increased loadings, or random loadings (Figure S4a–d, Support-
ing Information).

Our sensor exhibits high pressure resolution under different
preloads. Pressure-resolution determines the capability of a sen-
sor to detect tiny pulse signals. Although pressure-resolution
decays with applied preloads, it does not exceed 1 Pa within a
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Figure 2. Principle, fabrication, and sensing properties of the iontronic pressure sensor. a) Finite element analysis (FEA) result showing the stress
distribution of the peanut-groove structure, the peanut-flat structure, and hemispheric structures under pressures up to 150 kPa. b) FEA result of the
change in contact area between the microstructured ionic layers and the electrode under pressures from 0 to 150 kPa. c) Tilt-view SEM image of the
peanut-groove structured ionic gel. d) Normalized change in capacitance as a function of pressure (0 to 200 kPa). The inset shows the structure of the
sensor. e) Pressure resolutions of the sensor at different basic pressures in the range of 0–30 kPa. f) Response time (2 ms) and relaxation time (6 ms)
determined by applying and withdrawing a pressure of 6 kPa. Insets: magnification of the loading and releasing moments. g) Response of the sensor
over 10000 cycles under a preload of 20 kPa.

preload range of 0–30 kPa. Specifically, the pressure-resolution
reaches 0.2 Pa when the preload is less than 10 kPa (Figure 2e),
which is the optimal preload for fingertip pulse monitoring that
will be discussed hereinafter. The high pressure-resolution en-
sures that the sensor can well capture the characteristic peaks
of the weak fingertip pulse. In addition to the high linearity and
high pressure-resolution, the sensor exhibits a short response
and relaxation time of 2 and 6 ms, respectively (Figure 2f). The
rapid response-relaxation speed is sufficient for the sensor to re-
solve the short intervals between the characteristic percussion
(P-), tidal (T-) and diastolic (D-) waves. The pressure sensor also
demonstrates high stability over cycling. No significant change
in signal magnitude is observed when the device is subjected
to 10 000 loading-release cycles with a peak pressure of 20 kPa
(Figure 2g). Our structure observation further confirms the sta-
bility of the sensor—the scanning electron microscopy inspec-

tion shows that the microstructures are not changed before and
after the cyclic test (Figure S5, Supporting Information). The high
stability in both electrical signal and microstructures indicates
that the sensor can serve as a reliable pressure sensing device for
the pulse monitoring applications.

2.3. Fingertip Pulse Monitoring using the Iontronic Sensor

The sensor can be used to record fingertip pulse waves with high
stability in dynamic conditions. The high compliance of the ma-
terials allows the sensor to be conformally adhered on the curved
surface of a fingertip to capture the weak pulse signal. The char-
acteristic waves, including the P-, T-, and D- waves, can be clearly
identified (Figure S6, Supporting Information). For traditional
pulse monitoring at wrist, the recorded pulses are susceptible to
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Figure 3. Stability and effectiveness of the sensor in pulse monitoring. a) Monitoring of radial artery pulse wave under wrist bending and release. b)
Monitoring of fingertip pulse wave under fingertip bending and release. c) Test of fingertip pulse over 1 h. d) The height of the P-wave of a 25-year-old
male subject under different preloads. e) Fingertip pulse waveforms of healthy subjects of different ages of 23, 32, 38, 45, and 59. f) The change of ΔP
(pressure difference between the descending isthmus and the T-wave) with the age of subjects.

motion artifacts because wrist is one of the most flexible joints of
human body. The radial artery pulse cannot be clearly recorded
when wrist bends forward (Figure 3a), and thus the pulse signal
often gets lost during joint motions. In comparison, clear finger-
tip pulse waves are recorded during finger bending or straight-
ening, although there is often a drift of baseline (Figure 3b). The
result indicates that the pulse monitoring at fingertip is barely
affected by gestures. The high stability to body motion can last
for a long period of time. This is evidenced in Figure 3c, which
shows continuous monitoring of pulse wave without any signal
loss within 1 h for a 26-year-old male subject.

We investigated the effect of preload on wave amplitude of
the fingertip pulse to determine a desired test condition. The
preload was controlled precisely using a commercial blood pres-
sure gauge. The wave amplitude (height of the P-wave) increases
as the preload increases from 60 to 10 kPa for a 25-year-old

male subject. When the preload exceeds 10 kPa, however, the
signal magnitude begins to decrease with increasing preload
(Figure 3d), and irregular waves appear as the preload increases
to 25 kPa (Figure S7, Supporting Information). We therefore se-
lect 10 kPa as the preferred preload for our test.

We recorded the fingertip pulse of several healthy volunteer
subjects of different ages to evaluate the accuracy and reliability
of the pressure sensor in pulse sensing (Figure 3e). Because the
arterial wall usually becomes stiffer with age, the reflected wave
occurs earlier and the intensity of the wave decreases. As a re-
sult, the T-wave moves upward and becomes less clear with the
increase of age. We define the pressure difference between the
first descending isthmus and the peak of the T-wave asΔP, which
reflects the trend of the change in T-wave. It is found that ΔP de-
creases as age increases, with a minimum value of ≈2.3 Pa at the
age of 60 (Figure 3f). Such a small pressure difference can be well
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Figure 4. Acquisition of hfPWV through the fingertip pulse measurement using the iontronic sensor. a) Change of hfPWV with the age of subjects.
b) Changes of hfPWT and hfPTT of a 25-year-old male subject before, in, and after exercise. c) Long term test (5 h) of hfPWT and hfPTT of the 25-
year-old subject. d) Fingertip pulse waves and corresponding acceleration pulse waves of a 52-year-old healthy subject, a 53-year-old subject with mild
arteriosclerosis, and a 46-year-old subject with serious arteriosclerosis. The last two have been diagnosed in hospital via the traditional method. e)
Comparison of hfPWV of the three subjects.

detected because our sensor exhibits a pressure-resolution as low
as 0.2 Pa under a preload of 10 kPa, which is below the ΔP values
of all subjects (Figure 2e).

2.4. Acquisition of hfPWV Using Fingertip Pulse Waves

The APW can be obtained through quadratic differentiation of
the pulse wave. The time interval between the first two peaks
of the hfAPW wave is denoted as hfPTT. The heart-to-fingertip
round-trip arterial length (S) is related to the subject height, fore-
arm length, and hand length.[34] The hfPWV value is determined
by dividing S with hfPTT. We investigated the dependence of hf-
PWV on the age of the subjects (aged between 20 and 60), who
were grouped by age, with each group spanning 10 years. Despite
the dramatic differences in cardiovascular conditions of individ-
uals, the average hfPWV value of each group generally increases
with age, indicating an increased arterial stiffness (Figure 4a).
This trend is attributed to the progression of arterial elasticity
with age, which degrades progressively due to the accumulation
of metabolic products.

The effect of exercise on pulse waveform was also investigated
based on the data of a 25-year-old male subject. Fingertip pulse
waves of the subject before, in, and after exercise are shown in
Figure S8 (Supporting Information). The hfPPT value decreases
from 0.30 (before exercise) to 0.14 s during exercise, and rises
slowly to the original value after exercise. Accordingly, the hfPWV
value increases sharply from 560 to 1200 cm s−1, and falls gradu-

ally during rest (Figure 4b). The variation of hfPTT and hfPWV in
this process corresponds to the metabolic status of the subjects,
which indicates that our sensor can reliably monitor the hfPWV
during body motion. Furthermore, the measured hfPWV of the
subject in static conditions is generally stable over 5 h (Figure 4c),
showing the potential of our sensor in continuous monitoring of
arterial stiffness.

The fingertip pulse is potential for the monitoring and assess-
ment of arteriosclerosis. Three male subjects with ages of 52, 53,
and 46 were involved in the test, who were clinically diagnosed in
hospital as normal, mild arteriosclerosis, and serious arterioscle-
rosis, respectively. We select subjects with similar ages so that the
influence of age can be largely excluded. We measured fingertip
pulse waves of the subjects, showing that the T-wave moves up-
ward and its peak height decreases with the aggravation of ar-
teriosclerosis degree (Figure 4d). The hfPTT values of the three
subjects were read from their APW waves (Figure 4d). Accord-
ingly, the measured hfPWV value rises from subject 1 to subject
3 (Figure 4e). The results verify that the PWV values measured
using our sensor are in accordance with the traditional medical
diagnosis of arteriosclerosis.

2.5. HfPWV-Based Model for Arteriosclerosis Assessment

According to the principle of Omron colin-automatic arterioscle-
rosis detector (BP-203RPEIII), the degree of arteriosclerosis is
clinically divided into four stages based on the baPWV value
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Figure 5. Comparison between the models for arteriosclerosis assessment based on hfPWV and baPWV measurements. a) Degrees of arteriosclerosis:
soft (I/i), normal (II/ii), mild sclerosis (III/iii) and severe sclerosis (IV/iv). b) baPWV and age values of 41 volunteers, which determine the degree of
arterial stiffness. c) Correlation between hfPWV and baPWV. d) Bland-Altman figure of baPWV and baPWV’. e) Deviation of baPWV and hfPWV. f) A
simplified diagram for the transformation from the baPWV-based model to the hfPWV-based model. g) Degrees of arteriosclerosis of the 41 subjects in
the hfPWV-based model. h) Degree of arteriosclerosis of the other 9 volunteers in the hfPWV-based model. i) Comparison between the baPWV and the
hfPWV-based models in determining the degree of arteriosclerosis for the 9 volunteers.

and age: soft (I), normal (II), mild sclerosis (III), and severe
sclerosis (IV) (Figure 5a).[35] Since the intrinsic arterial stiffness
usually increases with age, the boundaries between neighboring
stages bend up with increasing age (Figure 5b). We measured the
baPWV values of 41 volunteer subjects aged between 20 and 60

and classified their degree of arteriosclerosis by baPWV and age,
as shown in Figure 5b. The hfPWV values of the 41 subjects were
also measured and proven to be valid to assess the arterioscle-
rosis level using the single-point method. We used the Pearson
correlation coefficient (r), which is a common statistical measure
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of two variables, to discuss the correlation between hfPWV and
baPWV. The value of r closer to 1 indicates a strong correlation,
while the value closer to 0 indicates little correlation. Here, the r
value of hfPWV-baPWV is 0.857 (Figure 5c), which means that
the two types of PWV values are linearly correlated and have a
strong correlation.

We use a linearly transformed parameter of baPWV (denoted
as baPWV’) following a fitted function of baPWV’ = a × hfPWV
+ b (a = 2.37, b = −183) to validate the correlation between
the baPWV-based and the hfPWV-based criteria (Figure 5c). The
consistency between baPWV’ and baPWV is studied using the
Bland-Altman plot (Figure 5d), which is a common mathemat-
ical tool to characterize the agreement between two medical
parameters.[36,37] For each pair of baPWV and baPWV’, the mean
value and the difference between the two parameters were dis-
played as the points in an X-Y chart. The average of the difference
( ̄D) for all points is 5.4 cm s−1, and the agreement range is be-
tween –174 and 184 cm s−1 ( ̄D±1.96 SD). Since 95.1% of the sam-
ple points (39/41) falls within the agreement range that exceeds
the threshold of reliability estimation (95%), the consistency be-
tween the baPWV and baPWV’ is determined to be high. Because
baPWV’ is a linear transformation of hfPWV, it can be concluded
that hfPWV is also highly consistent with baPWV. We also stud-
ied the deviation between baPWV and hfPWV in Figure 5e. For
each sample point, the x value is hfPWV, and the y value is the
normalized difference between baPWV and baPWV’. Our result
indicates that 37 out of 41 (90.2%) sample points fall within the
10% deviation range, and the maximum deviation of all sample
point is 17.8%. We therefore conclude that hfPWV, which is mea-
sured using a single-point method, can serve as a reliable alter-
native to the clinical parameter baPWV.

We further establish a model for arteriosclerosis assessment
based on the hfPWV values. The boundary curves of the new
model were determined using the least squares method:

[
P1
P2

]∗
= argmin

n∑
i = 1

(
P1 ⋅ xi + P2 − yi

)2 =
(
XT X

)−1
XT Y (2)

where P1 and P2 represent the slope and the vertical intercept of
linear fitting equation between baPWV and hfPWV, respectively,
xi represents the baPWV value of sample i, yi represents the cor-
responding hfPWV value, X represents the augmented matrix of
all xi, XT represents transposed matrix of X, Y represents the col-
umn vector of all yi. Figure 5f shows a simplified diagram that is
transformed from the baPWV-based model to the hfPWV-based
model, with details of the transformation provided in Scheme S1
(Supporting Information). In short, the data points of baPWV
and hfPWV were used to build a fitting algorithm to achieve max-
imum correspondence of their section, for which the optimal pro-
portion coefficient can be determined. Next, the proportion coef-
ficient was multiplied with the boundary curve coordinates of the
baPWV-based model as the boundary curve of the hfPWV-based
model. The hfPWV-based model also contains four stages (i, ii,
iii, and iv, corresponding to stages I, II, III, and IV in traditional
methods) for assessing the degree of arteriosclerosis (Figure 5g),
with a shape of each domain being similar to that of the baPWV-
based model (Figure 5b).

We verify the validity of the hfPWV-based model by compar-
ing with the baPWV-based model in evaluating the degree of ar-
teriosclerosis. Nine subjects with baPWV values distributed in
stage II, III, and IV were selected for comparison (Figure 5h,i).
The hfPWV-based model gives a close result: eight out of the
nine subjects are consistent in both models, while only subject
8 falls in stage (III) of the baPWV-based model and stage (ii) of
the hfPWV-based model (close to the boundary of stage (ii) and
stage (iii)). Note that this subject is in a special condition: he is
diabetic and suffers from the numbness of lower limbs. There-
fore, the hfPWV value, which mainly reflects the arteriosclerosis
degree of the upper limbs, is expected to be more reliable than
the baPWV-based assessment for this specific case. Overall, our
study suggests that the hfPWV-based model is valid and reliable
in assessing the degree of arteriosclerosis, and further optimiza-
tion of the model can be conducted by enlarging the sample ca-
pacity and refining the boundaries of different stages.

3. Conclusion

In summary, we have developed a high-performance iontronic
pressure sensor and a single-point method for the measurement
of PWV, a critical indicator of arteriosclerosis. The high perfor-
mance sensor enables accurate recording of the fingertip pulse
waves and the computation of hfPTT and hfPWV. The single-
point hfPWV measurement can be applied in both static and dy-
namic conditions, and shows high stability in continuous PWV
monitoring for at least 5 h. We further established a hfPWV-
based model and verified that this model agrees well with the
state-of-the-art clinical criterion based on baPWV, and is expected
to be a reliable technique for arteriosclerosis assessment.

4. Experimental Section
Preparation of Microstructured Ionic Gel: The resin mold with a pre-

defined peanut-groove array was printed using a high-precision 3D printer
(NanoArch S130, BMF Precision Tech. Inc.) with a spatial precision of 2 μm
and layer thickness of 5 μm. The PDMS precursor with a base to curing
agent (Sylgard 184, Dow Corning Co., Ltd) weight ratio of 10:1 was coated
onto the resin mold and cured at 80 °C for 1 h. After curation, PDMS with
complementary surface patterns was peeled off, serving as the template
for casting microstructured ionic gel.

The precursors of ionic gel, PVA-1799 and phosphoric acid (AR, ≥85%)
were purchased from Aladdin Reagent (Shanghai) Co., Ltd. Eight grams of
PVA-1799 was added in 72 g of deionized water and stirred at 95 °C for 2 h.
Next, the mixture was cooled to 60 °C and mixed with 10.7 g of phosphoric
acid. After stirring for 1 h, 0.6 g of the solution was casted on the PDMS
template with an area of 4.9 cm2 and cured at room temperature for 48 h.
The solidified ionic gel was ≈100 μm in thickness with a replicated peanut-
groove array on the surface, which was then peeled off from the PDMS
template and cut into a square with a side length of 3 mm ready for use.

Assembly of Iontronic Pressure Sensors: The iontronic pressure sensor
was prepared by sandwiching the microstructured ionic gel between two
flexible electrodes of Au coated polyethylene terephthalate (PET) films. The
flexible electrode was prepared by successively depositing a 20-nm-thick
platinum film and a 100-nm-thick gold film on a PET film (30 μm) via ion
sputtering (MC1000, Hitachi High-Tech Co., Ltd.). Finally, the sandwiched
structure was packaged using a 100-μm-thick PDMS film.

Characterization and Measurements: The surface morphologies of the
resin mold and the microstructured ionic gel were characterized by field-
emission scanning electron microscopy (Regulus SU8230, Hitachi High-
Tech Co., Ltd.). The applied pressure was measured using a mechanical

Adv. Healthcare Mater. 2023, 12, 2301838 © 2023 Wiley-VCH GmbH2301838 (8 of 10)
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tester (Model XLD-20E, Jingkong Mechanical Testing Co., Ltd.). The capac-
itance of the sensor was recorded using a precision LCR meter (E4980AL,
Keysight Tech. Co., Ltd) working at a frequency of 10 kHz. The response
and relaxation time were determined by adding and removing a weight on
the sensor, and the real-time capacitance was recorded using an LCR me-
ter (TH2840B, Tonghui Inc.). Fingertip pulse monitoring was conducted
by fixing the sensor on the finger pulp (for measuring the preload).

Acquisition of PWV Value and Data Processing: The baPWV values of
the subjects were measured directly using an Omron colin-automatic ar-
teriosclerosis detector (BP-203RPEIII). For the acquisition of hfPTT and hf-
PWV, the measured fingertip pulse (ΔC-t) was quadratically differentiated,
which was called APW curve. The interval between the first two peaks of
the APW curve was defined as hfPTT. The hfPWV was computed by divid-
ing the round-trip heart-finger distance (S) with hfPTT. For fingertip pulse
monitoring and baPWV acquisition, the tests were conducted indoor at an
ambient temperature of 25 °C.

For investigating the consistency between hfPWV and baPWV, the
baPWV-hfPWV scattering diagram was fitted into a straight line through
the least square method, and the correlation coefficient (r) was automat-
ically given in the procedure. The transformation from the baPWV-based
model to the hfPWV-based model was through a polynomial fitting pro-
cess, with the detailed flow chart shown in Scheme S1 (Supporting Infor-
mation).

Experiments on Human Subjects: Informed consent was given by each
human subject and all experiments were conducted under approval from
the Institutional Review Board at the Southern University of Science and
Technology under the protocol number 20220178.

Statistical Analysis: For the built-up of hfPWV-based model, the sam-
ple size is 41. For the validation of hfPWV-based model, the sample size is
9. For each subject, the baPWV value was obtained and the fingertip pulse
waveform was recorded. Pearson correlation coefficient (r) and Bland-
Altman plot were used to investigate the correlation of baPWV and hfPWV
values. The software used for data analysis included Matlab 2017b and
Origin 9.0.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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