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Sabrina Conoci, Artur Ciesielski, Alberto Milan, Danilo Demarchi, and Paolo Samori*

Monitoring the cardiovascular health of patients and early diagnosis of heart
diseases are highly sought after as they can represent a true cornerstone in
tomorrow’s healthcare surveillance. Here, an unprecedented non-invasive
device prototype is reported for pulse wave velocity (PWV) measurement
based on a piezoelectric graphene pressure sensor. PWV is a critical health
indicator that estimates arterial stiffness by measuring the velocity of arterial
pulse flow through the circulatory system. The sensor incorporates advanced
electronic components and data analysis tools, enabling the measurement of
pulse transit time (PTT), that is the time required for the pulse wave to travel
between carotid and femoral artery sites. Significantly, the outcomes obtained
through the novel method, which involved monitoring 10 patients within
clinical environment, show statistical similarity to results obtained using
established technology for the PWV estimation such as SphygmoCor. In
particular, the mean difference between measurements done with the two
techniques resulted in 0.1 m s, that is <2%, underscoring the reliability of

year.!l Therefore, the development of
advanced heart monitoring tools capa-
ble of swift and accurate diagnosis, po-
tentially operating in point-of-care set-
tings, is highly demanded. Among the
multifaceted factors of cardiovascular dis-
orders, arterial stiffness emerges as a
major cause, instigating pervasive organ
damage and untimely fatalities such as
heart attacks and strokes.[>*] Over the
past few years, clinical assessment of
pulse wave velocity (PWV) has been pro-
posed and demonstrated being a power-
ful, non-invasive method for physiologi-
cal parameters and cardiovascular analy-
sis. The evaluation is done by measuring
the velocity at which arterial pulse flows
through the circular system,!*] which is

the novel device. The technology holds big promise for enhancing
cardiovascular healthcare delivery: it is wearable, potentially exploitable by a
non-expert user, and it needs to be powered with just 0.2 V, thus it can
become compatible even with applications in point-of-care settings.

1. Introduction

Cardiovascular diseases represent nowadays the leading cause
of mortality in our planet, with over 17.9 million deaths each

related to arterial stiffness and compli-
ance. This new approach holds the im-
portant promise of revolutionizing car-
diovascular assessment by offering a
transformative paradigm shift toward
proactive and personalized patient man-
agement, ultimately saving countless
lives, and mitigating the burden of cardiovascular disease world-
wide. The PWV estimation involves determining the pulse’s
transit time between specific points, typically the carotid and
femoral artery sites.>7! Pulse Transit Time (PTT) is the exact
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time required for the pulse wave to travel this distance, which is
known as Pulse Wave Distance (PWD). The ratio between these
two values represents the propagation velocity of the wave.[®]
For healthy adults, the reference value for PWV is ~6 m s71.l%
However, this value tends to increase with age and the pres-
ence of additional health complications, such as diabetes, reach-
ing values ~9 m s7!. According to the most recent recom-
mendations from the European Society of Hypertension, in
middle-aged patients with hypertension, a measured PWV ex-
ceeding 10 m s~! may indicate significant alterations in aor-
tic function.'%) Therefore, reliable PWV values obtained from
asymptomatic patients could facilitate early assessment of ar-
terial stiffness, leading to more accurate estimations of car-
diovascular risk and enabling timely therapy targeting.['°! Sev-
eral technologies have been developed and exploited for the
non-invasive PWV evaluation.''12]" Applanation tonometry is
the most extensively utilized approach to detect the pressure
wave generated by the systolic ejection of the heart at two dis-
tinct locations, with the SphygmoCor (AtCor Medical, Sydney,
Australia) being the most widely used tool for PWV evalua-
tion in clinical environments.!'3] Less commonly employed tech-
niques include piezoelectric mechanotransducers, cuff-based
oscillometry, ultrasounds, and photoplethysmography.!**1°! Be-
sides their high costs, each of these techniques necessi-
tates skilled operators to conduct the measurements. Con-
sequently, the widespread adoption of PWV assessment in
clinical practice and beyond faces obstacles due to these
requirements.

Physical sensing devices stand as pivotal components within
the realm of smart wearable electronics, with pressure and strain
sensors emerging in view of their high technological relevance in
motion detection, health monitoring, robotics, human-machine
interaction, electronic skin, and Internet of (Medical) Things,
etc.['] Recent progress in pressure and strain sensing has led to
significant enhancements in device performance, notably by ele-
vating the relevant key performance indicators such as sensitivity,
detectable pressure range, response speed, and cyclability. The
unique properties of flexible pressure sensors, including con-
formability and high sensitivity, render them exceptionally well-
suited for monitoring physiological parameters and detecting
health conditions.['”!8] Through their integration into wearable
devices or smart fabrics, the unobtrusive long-term monitoring
of vital signs, such as heartbeat,!">] physiological pressure,/?!-?2]
respiratory rate,[?*?*l and human motion['®?] becomes achiev-
able. This integration facilitates the provision of real-time feed-
back to the end user, thereby enhancing their ability to monitor
and manage their health effectively.!?*]

Recently, some of us developed a graphene-based piezoresis-
tive pressure sensor, which holds significant promise for health
monitoring applications.[?) Such device is composed of a spray-
coated multi-layered film of reduced graphene oxide functional-
ized with flexible triethylene glycol chains (frGO), sandwiched
between two indium tin oxide (ITO)-coated polyethylene tereph-
thalate (PET) electrodes. The application of external pressure de-
creases the device’s electrical resistance, which is ruled by elec-
tron tunnelling between adjacent frGO sheets. Such pressure
sensor exhibits exceptional performance in terms of sensitivity
(up to 0.82 kPa™'), response time (24 ms), detection limit (7 Pa),
and durability (over 1000 cycles),[?l making it highly suitable as
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a component for its integration in a new generation of PWV tech-
nologies.

In this study, we demonstrate how this frGO-based pressure
sensor can be integrated as suitable detection element in a proto-
typical clinical device for Pulse Wave Velocity assessment. Tests
were conducted by specialized physicians on ten healthy vol-
unteers. First, the sensors were placed on selected carotid and
femoral sites, and then the pulses were acquired using a cus-
tomized electronic system. The operators could check the qual-
ity of the detected pulse waves in real time through a dedicated
graphical user interface (GUI), which displays the waves. To as-
sess the precision and reliability of our device, the estimated val-
ues were benchmarked against those measured with the golden
standard, that is, SphygmoCor.

2. Results and Discussion

2.1. Graphene-Bases Sensors Preparation and Integration

The chemically functionalized reduced graphene oxide (rGO) ac-
tive material (called frGO hereafter) was prepared by following a
procedure previously developed and reported by some of us,?¢]
whose details are presented in Section S1 (Supporting Informa-
tion). The solution-based rGO functionalization protocol that we
developed allows for precise control of the active material prop-
erties through incorporation of a flexible linker (triethylene gly-
col amine), resulting in a solution processable material, compat-
ible with most used flexible substrates and with spraying and
printing deposition techniques, with potential for implementa-
tion at industrial level. The final material consisted in a homo-
geneous dispersion of rGO functionalized with triethylene gly-
col amine in ethanol. Such dispersion was then used to fabricate
our graphene-based pressure sensing devices according to our re-
ported literature procedures presented in Section S2 (Supporting
Information).l26-27]

The final device consists of two frGO-coated electrodes assem-
bled in a face-to-face configuration, fixed together by polyimide
tape. The tape also has the function of sealing the device, thus
preventing potential interference of air and humidity. Electri-
cal contacts were made by fixing copper wires with silver paste
(see S3 Section, Supporting Information, for details). Figure 1
portrays a scheme of the prepared pressure sensors and their
piezoresistive working mechanism, whereas their piezoresistive
behavior characterization is reported in (Figure S4.1, Supporting
Information).

The sensors’ performance was evaluated in terms of pres-
sure sensitivity and device robustness upon application of cyclic
stress (Figure S4.1, Supporting Information). In the present
work, the static pressure and durability tests carried out on
the prepared devices confirmed high sensitivity of 0.77 kPa~!
in the low-pressure regime (up to 0.6 kPa), a fast response
time of 25 ms, and good stability upon cycles, as quanti-
fied by only 10% performance loss after 1000 load-unload
cycles.

2.2. Integration

The prepared frGO-based pressure sensors were subsequently
embedded into customized holders which have been designed
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Figure 1. Functionalized graphene-based pressure sensors: a) scheme of the working mechanism, b) final configuration of the device, with pads for

wires connection.

to enable the sensor’s integration on two elastic bands and per-
form the PWV assessment. The latter renders the sensor wear-
able without requiring the constant presence of an operator to
hold them on the pulse sites, thereby optimizing the signal ac-
quisition and the device operation.

The signals detected by the two sensors, immobilized at the
femoral and carotid sites, are then synchronously processed by
an acquisition board, developed specifically for this application,
which is also responsible for sending data to a working station. In
addition, a graphical user interface (GUI) allows real-time signal
visualization, giving the opportunity to the operator to replace the

Graphical User Interface
for Signal Visualization

Acquisition
Device

sensors in case the data are not matching the required quality.
Figure 2 provides an overview of the system.

2.3. Sensor Engineering and Electronics Read-Out

To guarantee optimal sensor’s engineering, one should consider
that changes in the resistance detected by the graphene sensor
must be proportional to the variation in the applied transverse
pressure. Thus, the precise detection of the vital signal requires
the sensor immobilization on the skin. This was accomplished by

-
Neck Elastic Band
with
Graphene Pressure

Sensor

Groin Elastic Band
with
Graphene Pressure
Sensor

Figure 2. Overview of the system comprising the two graphene pressure sensors supported by an elastic band (one for the carotid signal on the neck,
and the other for the femoral in the groin), the electronic board for signal acquisition and process, and a processing unit for data visualization, storage

and PWV evaluation.
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Figure 3. Sensor engineering. The graphene sensor is embedded in a 3D-printed thick holder to be readily positioned in proximity of an artery (carotid)

and used to record the pulse wave with a high precision.

custom manufacturing a 3D-printed support such as the “Thick
Holder” in Figure 3, which clamps the sensor and fastens it to
a band, thus improving wearability and preventing its rubbing.
The holder shape and 3D structure were carefully tailored by fol-
lowing an iterative improvement process (reported in Supporting
Information) that tested different sensor engineering strategies
against their performance. The holder’s thickness (~7 mm) am-
plifies the static pressure applied by the band, enabling the detec-
tion of minor dynamic fluctuations and facilitating the recording
of heartbeats at increased depth (as detailed in Section S5 of the
Supporting Information). The holder is specifically designed to
aid in positioning the sensor at the acquisition site without com-
promising its performance. Moreover, it enables longer signal ac-
quisition periods. The combination of the belt and holder allows

the sensor to remain securely positioned for long-term data col-
lection without causing pain or discomfort to the subject.

When the sensor is positioned near an arterial site, such as
the carotid artery in the neck, it can capture a signal that closely
replicates the pulse wave typically detected by conventional meth-
ods, such as applanation tonometry. As depicted in Figure 3, the
acquired signal exhibits a discernible rhythmic pattern character-
istic of the heartbeat, wherein each cycle comprises two distinct
phases: a rising front, due to the abrupt expansion of the ves-
sel in the first part of the cardiac period (systole), and the slower
descending phase (linked with the gradual decreasing pressure
occurring in the diastole).

The scheme of the electronic read-out is shown in Figure 4. Its
design enables efficient and consistent data acquisition, despite

RI
Cl1 R4 47K 47K
R 18 ; 110K
AGND Sensor i | [ ) c3 C4 820K o
B ‘ | | | |__|
1 |
100u 100u | 100u -
AVDDS5 uic OPA4376AIPW
OPA4376AIPW R8
-— AW
47K 43K
VR2 —
€6 UIB
OPA4376 AIPW
100n
AGND  AGND
. Analo . ..
Polarization g High Pass Digital
Vol » Graphene » » . » <
oltage Filter Conversion
Sensor

Figure 4. Scheme of the electronics enabling the sensor’s readout. It comprises the current reading (purple), the trans-impedance amplifier (light green),

and second order filter (blue) to accomplish digital conversion.
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Figure 5. Validation study flow chart and protocol for each tested subject comprising sub-sequentially the patient anamnesis, the data acquisition, and
the signal processing. The latter is used to extract the Intersecting Tangent Point.

the variability in resistance baseline values (which change from
sensor to sensor) and the different static pressures applied by the
elastic bands (which depend on the subject physiology).

The electronics comprises three major elements. The first is
the sensor biasing block in which the appropriate voltage is gen-
erated, stabilized by the voltage follower (U1B Operation Am-
plifier, OPA), and then applied to the sensor owing to the U1C
inputs mirroring properties. Such a block enables the measure-
ment of the sensor baseline resistance by targeting currents of
some mA flowing in the sensor, with the voltage value being set
through the potentiometer VR2. The second element converts
the variation of current in voltage by the U1C trans-impedance
amplifier. A potentiometer is placed in the negative feedback to
manually adjust the channel’s gain while acquiring the data. The
third op-amp is a second-order high-pass filter with a cut-off fre-
quency of 0.1 Hz to remove the signal continuous component
(offset) and stabilize the signal. Finally, the wave is digitally con-
verted and sent through USB to a laptop where a GUI, developed
in Visual Studio environment, enables the data visualization and
storage.

2.4. Clinical Validation and Signal Processing

Our new PWV system has been exploited to monitor ten healthy
subjects who simultaneously have undergone PWV clinical test-
ing using the established SphygmoCor technology. Two expe-
rienced clinical operators were involved in the data collection
procedures to ensure the acquisition of high-quality and stable
signals. Ten individuals underwent a set of three acquisitions
employing both systems (see Section S6, Supporting Informa-
tion, for the subjects’ anamnestic characteristics). The recording
started once the carotid and femoral signals were considered sta-
ble for 30 s, and data were stored for offline processing. All the
key steps characterizing the testing of a given patient are sum-
marized in Figure 5.

The acquired data were post-processed in Matlab to compute
the PWV related to each test. A feature that identifies the ex-

Adv. Mater. Technol. 2025, 10, 2400876 2400876 (5 of 8)

act moment of the wave-passage in the acquisition site was ex-
tracted from each pulse. The ad hoc engineering of the support
holder and the correct band placement guaranteed signals with a
shape comparable to the pulse usually monitored by a tonometer
(through a transducer placed in a pen and held by clinicians).
Toward this end, we extracted the Intersecting Tangent Point
(ITP), which has been extensively reported in the literature for
PWYV analysis and used by the golden standard, enabling facile
benchmarking.[® More precisely, the ITP can be singled out fo-
cussing on the rising part of the heart wave, by tracing two lines,
the former being parallel to the abscissa and passing through the
minimum before the rise, and the latter being the tangent to the
steepest part of the curve. The projection of their intersection is
the Intersecting Tangent Point, known also as “foot of the signal”,
representing the timestamp of the wave passage in the acquisi-
tion site (see Figure 5).

2.5. PWV Assessment on Test Subjects

Figure 6 compares the pulse waves diagrams on a representative
subject recorded by the SphygmoCor and by the graphene-based
sensor. Despite the major differences in the two techniques, their
output is very similar. On the one hand, the golden standard,
shown in the left panel, requires a two-step acquisition proto-
col based on the data collection attained using a physical sensor
(black line) combined with the electrocardiogram signal (ECG,
blue line). The PWV is computed from the pulse transit time
which is determined by subtracting the femoral and the carotid
transit time. These two are quantified individually as the time
difference between the R-peak of the ECG (green dot on the blue
line) and the foot of the pulse (green dot on the black line). On the
other hand, our graphene sensor-based device, displayed in the
right panel, simultaneously acquires the signals at the carotid and
femoral sites, thereby extracting the intersecting tangent points
(blue dots). Hence, our novel technology combines two key fea-
tures: it can capture data in a single step and, most importantly,
it does not require the presence of a skilled operator during the

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. Comparative pulse wave diagrams recorded by means of the SphygmoCor (left), in a two steps acquisition process, and by the graphene-based

sensor (right), with the two signals acquired simultaneously.

data acquisition. In fact, following the positioning of the sensors
at the neck and groin, the system autonomously proceeds with
the signals acquisition.

Table 1 and Figure 7 report a statistical comparison of the data
recorded with the graphene sensor-based device and the golden
standard. Each provided value (mean and standard deviation) is
the result of an arithmetical average of three acquisitions con-
ducted with the two set-ups. Significantly, when compared to the
SphygmoCor, our graphene-based device showed excellent accu-
racy as quantified by average difference of 0.1 m s~!, which cor-
responds to <2%. In fact, as outlined by Artery guidelines,?®] the
comparison between the golden standard and a new technology
can be classified according to three ranges on the basis of the av-
erage difference and its standard deviation: excellent (<0,5 + 0,8
m s71), acceptable (<1 + 1,5 m s7'), and poor (=1 + 1,5 m s7}).

The coefficient variation (CV) on the PWVs across all subjects
was examined to assess the measurement uncertainty. This pa-

Table 1. Validation Results.

rameter is a dispersion index that expresses the precision and
repeatability of a measurement, and it can be quantified using
the following formula:

(o3

CV[%] = 100 x (1)

| mean |

where o is the standard deviation and |PWV, ., | is the average
value of the PWV determined from the three measurements.
Figure 7b reveals that our graphene-based device consistently dis-
plays lower values than the SphygmoCor (3.6% vs 5.4%). This un-
derscores the potential of our device to offer a trustworthy alterna-
tive to the gold standard, which, in contrast, exhibits the highest
average uncertainty.

A careful analysis of the distribution reveals that significant
deviations between the two systems often coincide with greater
variability within the measurements. For example, volunteers 6

Subject ID PTT Sphy sd Sphy PTT, Graph sd Graph Distance PWV Sphy PWV Graph Difference
[ms] [ms] [ms] [ms] [ms] [ms™] [ms™ [ms™]
1 7220 636 7205 270 472 65 66 00
2 6330 141 7069 273 496 78 70 08
3 7210 113 7994 290 448 62 56 06
4 7435 233 7222 332 488 66 68 —02
5 8040 382 7106 224 480 60 68 —08
6 6720 679 7483 382 440 65 59 07
7 7705 940 7075 207 520 67 74 —06
8 8800 240 8604 226 440 50 51 -01
9 7635 276 8565 045 472 62 55 07
10 7525 361 7498 468 440 58 59 00
Mean Difference: 01

Abbreviations: PTT (Pulse Transit Time), sd (standard deviation), Sphy (Sphygmocor system), Graph (Graphene system).
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Figure 7. Comparison between the results determined with the two devices for each subject: a) PWV measurements distribution, b) variation coefficients

on the measurements, and c) Bland Altman plot.

and 7 display disparities of 0.7 and —0.6 m s~!, respectively, with

SphygmoCor exhibiting high standard deviation values (10% and
12%). This emphasizes the good stability and reproducibility of
our device measurements.

Table 1 reveals that all estimated PWV values amount to ca.
6 m s7!, confirming that the ten patients under study are in
good cardiovascular health and do not suffer from hypertension-
related diseases, in line with expectations (details on the patient’s
physiological parameters such as age and gender are provided in
Supporting Information).

Finally, the Bland-Altman Plot (Figure 7c) is used to assess
the alignment in output PWV values distribution obtained
using the two devices under examination. It reveals an excellent
agreement between the two techniques, as evidenced by all
data points (corresponding to the differences) falling within
the graph area, delimited by the two solid lines representing
an acceptable confidence interval. Notably, the maximum de-
viation observed is ~0.8 m s7!, for one participant, the fifth.
Conversely, for four volunteers (1, 4, 8, and 10), the final
Pulse Wave Velocity (PWV) measurements exhibit perfect
congruernce.

These findings collectively provide unambiguous evidence
that our approach for Pulse Wave Velocity assessment represents
a valid alternative to established technologies yet offering major

Adv. Mater. Technol. 2025, 10, 2400876 2400876 (7 of 8)

advantages in terms of easiness of the measurement (not requir-
ing specialized operator) and portability.

3. Conclusion

We have demonstrated the effective use of graphene-based sen-
sors to record arterial pulse at the carotid and femoral sites, and
their integration to estimate the Pulse Wave Velocity with high
precision. We attained accurate pulse wave recordings at both
the carotid and femoral sites through meticulous optimization
of both the holder and electronics. This approach yielded sta-
ble signals using a self-contained methodology that achieves sig-
nal quality and waveforms comparable to those obtained from
established sensors, such as tonometry, while removing the ne-
cessity for continuous holding and oversight by a specialized op-
erator. Our methodology enables the continuous monitoring of
the PVW for an early assessment of arterial stiffness to ultimately
enhance cardiovascular healthcare. The values we obtained re-
vealed robust correlation and similarity to those generated by a
commercial device, with an average discrepancy of 0.1 m s~!, that
is, <2%. In terms of reliability, our unprecedented technology
displays extremely high performance, as evidenced by a mean
percentage standard deviation of 3.6%, which is inferior to the
5.4% detected in the traditional golden standard method.

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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The engineered PWV device is portable and powered by a small
voltage (0.2 volts), thus it is energy efficient. Such characteristics
make the technology compatible with a point-of-care setting, for
remote monitoring even in the absence of a power supply. All
in all, our PWV set-up holds potential to become a key compo-
nent for tomorrow’s Internet of Medical Things (IoMT) by offer-
ing daily cardiovascular monitoring in fragile or pathological in-
dividuals, telemedicine solutions, and remote follow-up, thereby
opening avenues for new PWV applications.

Supporting Information

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