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Abstract—This work introduces a novel wireless sensor
for clinical pulse wave velocity (PWV) assessment. Two
pen-shaped acquisition probes have been designed to incor-
porate a custom printed circuit board (PCB), a rechargeable
battery, and a commercial piezoresistive load cell as the
sensing element. Using the Bluetooth low-energy (BLE)
5.2 communication protocol, each probe transmits collected
data to the USB dongle integrated into the receiving station
realized for this application. A graphical user interface (GUI)
has been designed to provide clinicians with real-time PWV
values and feedback regarding the quality of the acquired
signal. To assess the correct behavior of all system units,
extensive validation of the developed firmware routines for
data transfer and handling was conducted. The reliability of the PWV estimation was assessed in a preclinical study
against the gold-standard device for noninvasive PWV (SphygmoCor), showing a robust linear correlation yielding a
value of R2

= 0.89. The Bland–Altman plot computed with respect to the reference system reports a mean difference
equal to −0.65 ± 0.41 m/s. Finally, electromagnetic compatibility and clinical usability tests were conducted to determine
the device’s precompliance, according to the clinical safety rules and guidelines described in the IEC-60601 standard for
medical devices.

Index Terms— Arterial stiffness, Athos device, pulse wave velocity (PWV), vascular aging, wireless physiological
monitoring.

I. INTRODUCTION

CARDIOVASCULAR diseases (CVDs) are globally con-
sidered the leading cause of death [1], [2], [3]. Arterial

stiffness is a multifaceted phenomenon that results from
alterations in both the structure and the function of the
blood vessel wall [4], [5]. A reduction of the elasticity of
vessels leads to elevated systolic blood pressure (SBP) and
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reduced diastolic blood pressure (DBP). This condition causes
a significant workload on the left ventricle, alters coronary
perfusion, and promotes chronic arterial inflammation [6].
Arterial stiffness can be non-invasively assessed by evaluating
pulse wave velocity (PWV) [7], [8]. As cited by the European
hypertension guidelines [9], PWV keeps its predictive and
prognostic value even where others prove unreliable and,
therefore, is considered the gold standard among stiffness
indices and a significant predictor of cardiovascular risk [10],
[11]. PWV is the speed at which the pressure wave travels
through the cardiovascular system due to the ejection of blood
at the end of the systolic phase within the cardiac cycle. The
propagation of the arterial pulse can be evaluated between any
pair of locations within the cardiovascular system. To date,
several devices for the assessment of clinical PWV differ in
both the procedure and methodology employed [12]. Concern-
ing the latter, the most widely used and reliable approach is
applanation tonometry [10], followed by oscillometry [13], and
optical sensors [14]. Depending on the ECG signal’s presence,
the blood’s transit time can also be computed with respect
to the R-peak. However, this practice is generally discour-
aged because it includes the pre-ejection period (PEP) in the
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estimation [15]. Commercial PWV devices, which incorporate
an ECG acquisition system into their configuration, prevent
the incorporation of PEP by conducting a double differential
measurement involving the two selected acquisition sites and
utilizing the R-peak as a reference point in the procedure. Typ-
ical locations for evaluating pulse waves include the femoral,
tibial, radial, and carotid arteries, where arterial pulsations are
easily detectable [16], [17]. In 2023, the European Society
of Hypertension guidelines [18] recommended brachial-ankle
PWV (ba-PWV) [19], [20], [21] as a screening tool for
hypertension-mediated organ damage [22]. However, carotid-
femoral PWV (cf-PWV) is still considered the gold-standard
reference in the arterial stiffness assessment [23], [24], [25].
Although cfPWV is a robust measure of vascular aging [26],
[27], it is not available in many research studies for a variety of
reasons, including financial constraints [3], [7], lack of access
to the specialized equipment needed to measure it, and the
absence of trained personnel. In 2021, the Athos (Arterial
stiffness faithful tool assessment) device was created to over-
come the barrier of high equipment costs and usability that
have restricted the adoption of this technique within clinical
settings [28], [29]. Thanks to its two prototypal high-resolution
MEMS force sensors and a dedicated graphical user interface
(GUI), this system provides real-time feedback to the user
and fully reliable offline cf-PWV assessment. Following the
Artery Society guidelines, a clinical validation study involving
90 healthy volunteer subjects was carried out to assess the
accuracy of the device [30] in comparison to the established
gold standard device for noninvasive cfPWV assessment,
SphygmoCor (AtCorMedical in Sydney, Australia) [31], [32].
The Athos device demonstrated a high degree of concordance
with SphygmoCor, even under conditions of elevated PWV
values, and exhibited satisfactory reproducibility. However,
the restricted accessibility of the sensor used in creating the
prototype limited its use in clinical practice. To overcome this
limitation, the entire system was redesigned using commercial
components [33]. That said, the proposed device stands as
an entirely novel instrument. Its development results as the
culmination of multidisciplinary cooperation with a team of
physicians actively engaged in clinical validation. Compared to
the first generation, the hardware and software novelties intro-
duced within the proposed device aim to completely transform
its portability, streamline usability, and ensure the accuracy of
PWV estimation. The primary innovation in terms of hardware
is removing the wired connection between the MEMS sensors
and the central apparatus that formerly handled data man-
agement and transmission to the workstation. Furthermore,
to transform the system into an independent device, the ECG
connection was also eliminated, significantly enhancing the
device’s portability. Therefore, a new custom printed circuit
board (PCB) powered by a small rechargeable battery was
designed to collect the force data and wirelessly transfer them
to the workstation hosting the GUI responsible for displaying
and processing the pulse waveforms. A new piezoresistive load
cell has been selected as the sensing element to capture the
arterial pulse. The two pen-shaped acquisition enclosures were
revised entirely to hold the mentioned components, ensuring
clinicians’ easy handling during the PWV assessment. With

the decision to incorporate rechargeable batteries into the
design, a recharging station was also integrated into the
system. The base station, connected to a laptop via USB, acts
both as a collector for data streaming and a charging station
for the two probes. A USB dongle has been included in the
design to handle Bluetooth low-energy (BLE) communication
with the acquisition probes and transmit the gathered data
to the workstation. The firmware underwent a comprehensive
revision. The Bluetooth stack was updated from 4.2 to 5.2 [34],
and different routines to manage the data connection, transfer,
and reception were implemented to handle the asynchronous
transmission from the two probes to the receiving station.
The previously designed GUI has been updated, integrating
the real-time data display alongside the PWV assessment. The
MATLAB algorithm detailed in [29], initially designed for
offline extraction of the intersecting tangent points (ITPs) on
carotid and femoral waves, was modified to operate in the
background, delivering real-time feedback to the clinician.

II. PROPOSED SYSTEM
This section guides the reader to a detailed description

of the proposed system’s design, application, and validation
phases. Section II-A details the hardware conceptualization
and realization of the custom PCB of the two probes and
the recharging station constituting the device. Moreover, the
description of the 3-D-printed enclosures of the probes and
recharging station is also provided. Then, Section II-B2 reports
the firmware routines implemented for managing the con-
nection, the data transfer, and the data management between
the acquisition probes, the BLE charging station, and the
workstation responsible for providing a real-time PWV assess-
ment to the clinical operator. Section II-C details the GUI
and the software algorithm used to manage the commands
provided by the user and the real-time estimation of PWV.
Section II-D describes the tests performed to assess the power
consumption of the probes and the synchronization procedure.
Finally, Sections II-D4 and II-E present the procedure used
to perform the PWV assessment and the tests conducted to
verify the device’s compliance according to the clinical safety
rules and guidelines described in the IEC-60601 standard for
medical devices.

A. Hardware
1) Acquisition Probes: The proposed device consists of three

primary units: two probes utilized for data collection and a
charging station. The probes, one for the carotid site and one
for the femoral site, are intended to be two autonomous devices
communicating with the central station through the BLE
communication protocol. Since the two probes are identical
from a hardware standpoint, the following explanation will
pertain to both. As depicted in Fig. 1, each probe consists of
three major components: a pen-shaped enclosure containing
the sensor used to capture data [see Fig. 1(a)], a custom PCB
created for this application [see Fig. 1(b)] and the rechargeable
battery used to power the board [see Fig. 1(c)]. The PCB
includes the STM32WB15CC (STMicroelectronics, Shanghai,
China), a 32-bit multiprotocol wireless and ultralow-power
device that embeds an RF subsystem that communicates with
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Fig. 1. Acquisition probe overview. (a) Encapsulated load cell used for pulse wave detection. (b) Custom PCB designed to collect and transfer
data. (c) Rechargeable polymer lithium-ion battery.

a microcontroller unit (MCU) including an Arm Cortex-M4
CPU (CPU1) where the host application runs [35]. The RF
subsystem comprises an RF analog front end and a specialized
Arm Cortex-M0+ microcontroller (CPU2) compliant with the
BLE SIG specification 5.2. It implements the entire BLE stack,
restricting the CPU1’s interface to high-level exchanges. Two
LEDs, red and green, respectively, have been included in the
board’s design to provide the user with feedback on the proper
reading of the sensor and the BLE connection status. A single
ON/OFF switch has been placed on the board to power ON (or OFF)
the device. The STLQ020 [36] (STMicroelectronics, Shanghai,
China) linear voltage regulator has been included to produce
3.3 V from the initial 3.7 V given by the chosen battery
when the board is turned on. The power source used for this
device is the LP401235 (Cellevia Batteries), a rechargeable
polymer lithium-ion battery [37]. This model was selected
for this application because the battery’s recharging ability
allowed us to minimize its nominal capacity 120 mAh and,
as a result, its size and weight, providing the correct voltage to
power the board and the sensor. Two external oscillators were
employed according to the specifications reported in [35] and
[38] concerning hardware development for RF applications.
The NX2012SA low-speed external (LSE) oscillator [39],
with 32.768-kHz frequency, was used for the RTC subsystem.
The 32-MHz crystal oscillator NX2016SA-32M-EXS00A-
CS06465 was chosen as the high-speed external (HSE) clock
source [40]. This latter is required by the MCU to trim
the RF subsystem responsible for managing BLE activities.
The mentioned crystal was selected based on the criteria
outlined in the microcontroller datasheet [35]. Moreover, it is
characterized by a frequency tolerance of 10 ppm (at 25◦),
which ensures a low drift during data acquisition sessions. The
FMAMSDXX005WCSC3 (Honeywell, United States) load-
cell has been selected for pulse wave detection [41]. The small
form factor (5 × 5 for the base, 2.15 mm for the height), low-
power consumption (about 14 mW), the reduced force range,
and low costs made it an ideal solution for our application.
As depicted in Fig. 1(a), this micro force sensor is actuated
by direct mechanical coupling through a stainless steel sphere
mounted directly over a silicone sense die. This off-the-shelf,
piezoresistive-based force sensor provides a digital output
(12-bit data output) for reading force values over the specified

full-scale span. A 5-N sensitivity range was chosen from those
commercially available to have the sensor dynamics closest
to the force values exerted by the arterial pulse passage.
Achieving consistent and precise results hinges on the correct
sphere alignment and accurate sensor mounting. The sphere
transfers the load through a specific point of contact. When
this contact point is inconsistent or not perpendicular, it can
cause the sphere to exert pressure or friction against the
sensor housing, leading to a potential shift in the sensor’s
output. For this purpose, the load cell has been soldered
onto a 1-cm diameter circular PCB. This setup guarantees
the sensing sphere’s proper alignment along the pen-shaped
enclosure’s longitudinal axis when the sensor is inserted.
Moreover, it serves the dual purpose of powering the sensor
and establishing a connection with the main PCB through
the serial peripheral interface (SPI) communication protocol.
Multiple factors were taken into account during the design of
the probe enclosure. Specifically, its shape and dimensions
depended on the size of the battery and the custom PCB.
For this reason, the PCB and battery dimensions have been
reduced as much as possible. The enclosure section close to
the sensor was shaped differently to simplify the operator’s
handling. In particular, the carotid probe was intended to be
handled like a pen, whereas the femoral probe was designed
to be held between two fingers. Thus, stable simultaneous
deployment of sensors becomes feasible, resulting in enhanced
and more steady signal acquisition. A series of indentations on
the enclosure’s side aids the operator in correctly positioning
the unit within the charging base. The interface connections
are situated on the lower portion of each probe. Specifically,
two of the four available pins connect the probe’s battery and
the circuit within the charging station. The two remaining pins
enable a physical linkage between the two probes as a sensing
solution to distinguish if they are connected. This solution will
be explained later in the acquisition startup routine.

2) Charging Station: The charging base realized for this
application represents the central fulcrum of the device. It can
be divided into three main sections: the enclosure, the MB1293
USB dongle (STMicroelectronics, Shanghai, China) used to
manage the BLE communication and the dedicated PCB built
to perform the battery charging inside the probes and the
circuit used to perform the acquisition startup. The structure of
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Fig. 2. Recharging station designed for the tested device. The hardware solution relies on bidirectional sensing between the two MCUs embedded
in the acquisition probes, enabling a synchronous initiation of the acquisition process. When one of the components is disconnected from the
base, it prompts the initiation of the acquisition process. The USB-Dongle, integrated into the main PCB within the base station, enables BLE
communications among all system components.

the charging base presents two slots, one for each probe, and
a set of LEDs that give the user an indication of the battery
recharge. The inner surface of the housings has been shaped
to complement the geometry created on each probe to ensure
their proper position within the charging base. The connection
between the PCB and the bottom part of each probe has been
realized using a four-pin spring-loaded header. This solution
allowed us to build a more reliable contact with the charging
and synchronization circuit. The charging circuit consists of
the MCP73831 integrated circuit (Microchip, Shanghai, China)
[42]. Through a specific resistor linked to the mentioned
integrated circuit, the charging current has been set accord-
ing to the datasheet requirements of the connected battery.
According to [37], a 68-kω resistor has been selected for
this purpose, setting a recharge current of 16 mA. The circuit
employed for the synchronous start of acquisition is based on
the bidirectional sensing of the two probes. When connected,
each probe can detect whether the other gets detached from
the base. Connecting two pins between each slot made it
possible to couple the microcontroller on each probe with
the other. Two general-purpose inputs/outputs (GPIOs) have
been involved in this process: One was configured in input
mode and the other in output mode, depicted, respectively,
in blue and red in Fig. 2. Both GPIOs in output mode have
been set to provide a low logical state. The GPIOs set as
input have been programmed to trigger an interrupt when the
transition from the low to the high logical state occurs (see
Fig. 2). The interrupt is enabled when the user presses the play
button on the graphical interface. A pull-up resistor, placed on
each line connecting the two MCUs, makes the transition from
the low to the high logical state possible when one of the
two probes gets disconnected from the base. As introduced
earlier in this section, the BLE communication and data
transmission are managed by the USB dongle manufactured
by STMicroelectronics (Shanghai, China). The dongle hosts an

STM32WB55CG MCU [43], a low-power 32-bit device with
a dual-core Arm Cortex-M4/M0+ architecture with similar
characteristics to those previously described microcontroller
used for the probes. The dongle has been coupled to the PCB
via a USB connector mounted on this latter. The ensemble has
been further connected by cable to one of the 5-V-powered
USB ports on the workstation running the graphic interface
for real-time PWV assessment. Section II-B will describe the
communication protocol used to handle data transmission.

B. Firmware
The first step in developing the BLE protocol is the imple-

mentation of the routine responsible for connecting all the
components constituting the proposed device. The reference
roles within the BLE protocol are central and peripheral.
In our project, the dongle is the central device; it acts as
the master during the connection process and establishes
the physical layer connection. On the other hand, the two
probes perform as peripheral units; they serve as slaves during
the connection process and are responsible for accepting the
physical layer connection.

1) Connection Routine: Based on the information presented
in Section II-A2, a connection routine was built to identify
and connect the two peripheral units with the core unit. This
operation begins with the central unit (dongle) scanning the
two peripheral units engaged in the advertising phase and
enabling the connection. The scan phase (with a white-list to
filter undesired devices) continues until the connection units
are located. Once discovered, the connection procedure pro-
ceeds progressively, first establishing contact with the carotid
probe and then with the femoral probe. The main criticality
identified during the development of this algorithm is the
identification of the connection parameters. The selection of
the latter, in accordance with the timing constraints provided
by STMicroelectronics [44], [45], enabled the establishment
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Fig. 3. Schematization of force data management. BLE payloads sent by the acquisition probes are received and allocated into a circular buffer by
the USB-Dongle. The samples are reorganized and sent to GUI via a USB connection for real-time processing.

of the two connections and ensured the correct transfer of the
acquired data in real-time [32], [46].

2) Data Transfer: The data transfer protocol represents a
fundamental part of developing a device for the real-time
acquisition system. The user initiates data transfer using com-
mands accessible via the GUI. The command to start (or stop)
data acquisition is forwarded by the central unit (dongle) to
the two peripheral units. After receiving the command, each
board begins reading the sensor. A four-wire bidirectional
SPI communication protocol connects the load cell to the
mentioned MCU. The sensor is programmed to work with
a sampling frequency of 200 Hz, enabling the acquisition of
12-bit force data output each 5 ms. A circular buffer structure
was chosen to allocate the data and subsequently send them
into a BLE packet structured as follows.

1) Bytes 1–14: Contain the samples acquired by the sensor.
2) Byte 15: It is a progressive value representing the current

BLE packet filled with force data.
3) Byte 16: It can be either 1 or 2 according to which probe

is transmitting the data.

3) Data Management: The next step in the development
process of the device is the implementation, on the central
unit, of a procedure for managing and processing received
data before its transmission to the laptop. When dealing with
the reception problem, it is important to note that, besides
the transmission phase of the acquisition’s start command,
there is a misalignment between the central unit and peripheral
devices. This misalignment happens because the central unit
cannot receive data from the peripherals simultaneously. The
routine is divided into three major phases.

1) Read Phase: It involves the reception of the BLE data
packets sent by each peripheral. Based on the last two
bytes, the packet sequence number is sorted, and data
are assigned to the proper sensor (carotid or femoral
buffer).

2) Allocation Phase: It involves the copying of data within
a circular buffer divided into 28 bytes as follows.

a) Bytes 1–14: Contain the data from the carotid
probe.

b) Bytes 15–28: Contain data from the femoral probe.

Fig. 4. Report generated at the end PWV study.

Once the buffer is full, the samples within are alternately
reordered according to the diagram in Fig. 3.

3) Transmitting Phase: The data set is sent to the worksta-
tion for real-time display via a USB connection.

C. Graphic User Interface for PWV Assessment
Once the system’s physical structure and communication

protocols were defined, we implemented the graphic user
interface for controlling the device from a computer using
Visual StudioCode. The software is designed to execute three
distinct functions. The first task involves recognizing the
USB-Dongle responsible for establishing the connection and
managing data communication with the acquisition probes.
Second, the software interprets and transmits user commands
to the peripheral units. Finally, the BLE packets containing
gathered data are reorganized for real-time plotting and are
processed for PWV calculation. The patented algorithm [47],
originally developed and detailed in [29], has been adjusted to
operate in the background, providing updated values of pulse
transit time (PTT), PWV, and corresponding standard deviation
every 1.5 s. Fig. 4 shows the comprehensive report generated
when the acquisition is terminated. This report represents a
summary of the PWV test just run and considers the last 10 s
of the waves, as foreseen in the standard procedure. The report
includes the subject’s personal information, the PTT and PWV
values, and, finally, the acquired carotid and femoral pulses
with the related ITPs.
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Fig. 5. Current absorption of the acquisition probe during the different function modalities: advertising, connection, and streaming.

D. Testing Phase
Section II-D introduces the setup employed to conduct a

comprehensive series of tests to evaluate the device’s perfor-
mance.

1) Setup for Synchronization Assessment: A crucial aspect
for ensuring a trustworthy measurement is the achievement
of precise synchronization in the reception of the initial data
acquisition start command from peripheral units. Even a minor
deviation of a few milliseconds could introduce uncertainty
and reduce the measurement’s reliability. Synchronization was
assessed using an oscilloscope. One accessible GPIO pin was
configured to be toggled to a high logical state as soon as
the start command is received. By establishing a connection
between the oscilloscope probes and the specified and the
mentioned GPIO, it became feasible to visually see and
quantitatively determine the time delay associated with the
reception of the start command by the two probes.

2) Setup for Power Consumption Evaluation: Given the inte-
gration of a rechargeable battery within the acquisition probes,
we analyzed the absorbed current during each device’s oper-
ation phase. For this purpose, we used the DMM7510 digital
graphical multimeter. We set a sampling frequency of 10 kHz
to detect the BLE module activity.
To perform the measurement, the multimeter probes were
placed on power lines connecting the battery to the PCB.
An ensemble of three acquisitions lasting between 3 and 5 min
was collected, and data were further analyzed offline using
MATLAB. The duration of each acquisition was chosen to
replicate the average time used to conduct the PWV study in
a clinical setting. Fig. 5 displays a snapshot of the four main
working modalities of the probe.

1) Initialization of the Probe: When the probe is switched
on, the microcontroller is initialized along with the load
cell. If this latter is successfully read, the LEDs are
switched on and off to give feedback to the user.

2) Advertising: After the initialization, the probe starts the
advertising phase to inform the charging station about
its presence.

3) Connection Establishment: Once the dongle initializes
the BLE link with the two probes, all the units enter
into a stable connection status. Both the central and
peripheral units regularly assess the status of the other
to confirm ongoing activity.

4) Data Stream: Every 35 ms, a new circular buffer is filled
on the probe and sends a notification command to the
BLE stack that prompts the transmission of the packet
during the subsequent available connection interval.

The averaged absorbed current values were evaluated for
the mentioned working conditions. We employed the highest
current value to derive the discharge curve and estimate the
actual battery life of each probe. Parallelly, we assessed the
minimum voltage so that all components could work properly
in the worst case scenario. The discharge curve was obtained
through an equivalent circuit consisting of the battery, the
voltage regulator on the PCB, and a resistor equal to 560 Ohm.
The latter was dimensioned to represent the total consumption
of the probe in the streaming mode with an absorbed current
of 5.9 mA when supplied with a regulated voltage of 3.3 V.
This setup was made according to datasheet specifications,
under constant load conditions and with a discharge current
at most 24 mA. The battery voltage was monitored using
the NI USB-6259 board (National Instruments) [48] for the
entire experiment. Data was acquired via serial interface using
MATLAB with a sampling rate of 1 Hz.

3) Setup for BLE Data Transfer Analysis: This section
presents the setup used to evaluate the transmission efficiency
of BLE packets. Both probes are programmed to transmit
a signal with a sawtooth shape to evaluate better the result
of the data management protocol developed on the dongle.
The data are saved through the previously described dedicated
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Fig. 6. Experienced physician performing PWV assessment using the
Athos system.

GUI, in .bin format, and analyzed offline in the MATLAB
environment. A single 20-minute acquisition was performed,
and then the order of packet arrival, correct reordering of
simulated samples, and any packets lost during transmission
were evaluated.

4) PWV Assessment: To assess the efficacy of the presented
system, a clinical trial was conducted at the “Città della
Salute e della Scienza” Hospital in Turin, Italy. Following
the experimental protocol approved by the“ University of
Turin Bioethical Committee,” described by Buraioli et al. [29],
ten healthy volunteers were recruited to compare the results
gathered using the proposed device with respect to those of the
SphygmoCor, available in the hospital. Before commencing
each data capture session, informed consent was obtained from
every participant. Then, two experienced clinical operators
conducted the data collection process to ensure the acquisition
of high-quality and stable signals, Fig. 6. Following the stan-
dard practice for clinical PWV evaluation detailed in [9], each
participant involved in the study underwent three acquisitions
using both systems, with the clinical operators alternating
the usage of both devices from subject to subject. Finally,
a representative PWV value is derived for each individual by
calculating the average data acquired from the three acquisi-
tions collected using both systems.

E. Precompliance CE Tests
1) Electromagnetic Compatibility: The set of tests was car-

ried out inside an anechoic chamber in the facility equipped
for performing immunity tests up to a frequency of 6 GHz.
In accordance with the requirements of IEC 60601-1-2, the
device was placed on a rotating table inside the chamber
at a distance of 3 m from the antenna used to generate
the electromagnetic field used in the test. Given the electric
field strength of 3 V/m, immunity was evaluated over three
frequency ranges: 80–800 MHz, 800 MHz–2.7 GHz, and
2.7–6 GHz. Each range was tested by varying the orientation
of the device with respect to the antenna on each of the
four sides for a total of 12 tests. In each test, observations
were made to determine if the application of the disturbing

Fig. 7. Anechoic chamber used to assess the electromagnetic compat-
ibility of the system.

field resulted in any changes in the force values recorded at
no-load by the load-cell sensor on the probes. Additionally,
any loss of data was monitored during transmission between
the two probes and the dongle, which was also placed inside
the chamber, as shown in Fig. 7.

2) Clinical Usability: The clinical evaluation of the device
was carried out at the A.O.U. Città della Salute e della Scienza
di Turin to verify the effectiveness, efficiency, and ease of use
of the Athos system. This assessment was overseen by an
external certified consultant to ensure accuracy and compli-
ance with the guidelines outlined in IEC 62366-1:2015 and
IEC TR 62366-2:2016 concerning the application of usability
engineering to medical devices. These standards focus on
the importance of understanding user needs, translating them
into design specifications, and conducting usability testing
to ensure that devices are safe, effective, and user-friendly.
Moreover, they emphasize the identification, assessment, and
mitigation of use-related hazards to minimize risks to users.
In the investigation process, five specialized clinical operators
and the project’s technical referees were involved in supervis-
ing operations and collecting user feedback on the device.

Each operator, aged between 28 and 47 years with varying
degrees of experience in PWV measurement, performed an
ensemble of three acquisitions with the proposed acquisition
system. The physicians who took part in this test filled out
an interview report guided by questions posed by the team.
To avoid interaction bias, the moderators briefly described the
report to the participants, and therefore, it was autonomously
compiled using a PC or tablet interface. The users provided
feedback on a graded scale ranging from 0 to 4, in which a
lower rating corresponds to a favorable opinion of the device.

III. SYSTEM ASSESSMENT

In this section, the results of the introduced tests are
reported and discussed, starting with the synchronization of
the peripheral units, the current absorbed by each probe, the
validation of the data exchange routine, and, finally, the results
of the pre-compliance tests carried out on the device.

Synchronization: Using the setup described in
Section II-D1, the synchronous start of the acquisition
was evaluated. As a first step, an evaluation of the time lag
related to the settings of the BLE stack was performed. Given
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Fig. 8. Observed delay between carotid (yellow) and femoral (blue)
probes at the acquisition startup using the proposed hardware solution.

TABLE I
AVERAGED CURRENT ABSORPTION IN DIFFERENT

WORKING MODALITIES

a connection interval ranging between 15 and 40 ms, the
observed lag was 20.94 ms. This delay can be attributable
to the BLE stack transmitting the start command within
the same connection interval. Therefore, the initial step
taken to solve this issue was to find a compromise between
parameters. However, this strategy was ineffective, as the
average delay value obtained from five tests was 11.56 ms,
considered unsatisfactory for this application. Since a software
approach did not solve the issue, a hardware solution was
chosen. This latter is based on the detachment from the
charging station of one of the two peripheral units described
in Section II-A2. The synchronization was again evaluated
through the oscilloscope, and the result can be seen in Fig. 8.
The second approach reduced the acquisition startup delay to
a value of 16 ns, considered acceptable for this application.
As reported in Section II-A1, a 32-MHz crystal oscillator was
selected as an HSE clock source to trim both the MCU and
the RF subsystem. The 10-ppm frequency tolerance ensures
a low drift during data acquisition sessions. It is important to
note that the proposed system is not mentioned for long-term
monitoring, and the time required for a single acquisition
ranges between 5 and 20 min. Therefore, we assumed the
eventual drift to be negligible in the defined operative window.
In addition, before starting each session, both probes must be
attached to the base station to ensure a synchronous startup;
consequently, the clock drift is reset when a new acquisition
is started.

Power Consumption: The battery’s autonomy introduced
in Section II-A1 was evaluated in the laboratory using the
setup detailed in Section II-D2. Table I shows the expected
autonomy computed by dividing the nominal capacity by the
averaged absorbed current values for the defined working
conditions.

The minimum value is registered during the connection
phase (i.e., 5.48 mA), attributed to the activation of the status
LED, RF activity, and ultimately the enabling of sensor

Fig. 9. Discharge curve of the CELLEVIA BATTERY LP401235 under
a pure resistive and constant load.

Fig. 10. Events occurring during the streaming mode: BLE connection
interval, SPI activity, force data buffer ready to be transferred.

readout. The highest value occurs during the streaming mode
(i.e., 5.9 mA), in which the BLE packets containing the force
data are sent. Following the trend of the mean value, the stan-
dard deviation computed in each working modality assumes
the lowest value in the connection phase and the highest when
the streaming occurs. Based on these results, we derived the
battery’s discharge curve (see Fig. 9) to estimate the actual
battery life of each probe and the minimum voltage so that all
components could work properly. In these conditions, designed
to mimic the maximum consumption modality, it took 20.2 h
for the battery to get fully discharged, thus matching the
expected battery life computed on nominal characteristics (i.e.,
20.3 h). However, when evaluating the minimum voltage value
to ensure proper operation of the components, we considered
the reference voltage values of the integrated components
mounted on each probe: the microcontroller [35], the load
cell [41], and the linear voltage regulator [36] (equal to 1.7,
3, and 2.75 V, respectively). By selecting the reference value
of the low dropout (LDO) to establish a supply voltage within
the regulated range of 3.3 V, the autonomy decreases to
18.9 h. However, under these circumstances, each probe has
approximately a further hour before reaching the minimum
supply voltage required for the load cell to work reliably.
Subsequently, we verified the consistency of the BLE activity
with respect to the settings chosen for this application. In
Fig. 10, a representative window of 70 ms, captured during
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Fig. 11. Result of data management routine in the 20-min acquisition
used to validate the data transfer process. No reported cases of lost BLE
packets or probe misalignment were observed during this procedure.

the streaming mode, is reported. As it is possible to observe,
the variations of the current absorbed by the probe are coherent
with the specifications of the BLE protocol and the firmware
implemented to read the load-cell sensor. Few regular events
alter the baseline as follows.

1) The highest peaks, reaching up to 15 mA, correspond
to the transmission of BLE notifications. This operation
necessitates the activation of the RF module, albeit for a
very brief period. These peaks consistently occur every
28 ms due to the chosen connection interval.

2) The peaks below 10 mA, highlighted in red, indicate
when the circular buffer is filled with force data and
ready to be sent in the following connection interval.
The load cell is programmed to read a new sample every
5 ms. The periodic trapezoidal pattern represents the SPI
activity.

BLE Data Transfer Analysis: The last step in evaluating
the proposed system is to validate the implemented routines
for data management and transfer. In the power consumption
section, Fig. 10 allowed us to visualize the consistency of the
BLE and SPI activity with respect to the proposed configura-
tion of each acquisition probe. In this section, the emphasis is
directed toward the activities of the dongle related to receiving
data and its subsequent handling for processing and display in
the GUI. To do so, each probe is programmed to transmit a
signal with a known growing shape. A representative window
showing the results of the data management routine is reported
in Fig. 11. The samples are color-coded according to the probe
ID identifying the unit responsible for transmitting the data
packet: yellow for the carotid and green for the femoral probe.

A black circle has been added to highlight the beginning of
each data buffer sent to the GUI. By utilizing signals with a
predetermined periodic pattern, it became feasible to confirm
the reordering of samples as detailed in Section II-B3 and
to detect any potential data loss, which would manifest as
anomalies in the plot. The potential risk of data loss was
assessed through a 20-min data acquisition session. During this
procedure, the quantity and synchronization of BLE packets
between probes have been monitored at consistent 20-min
intervals. No reported cases of lost BLE packets or probe
misalignment were observed during this procedure.

TABLE II
RESULTS OF THE VALIDATION PROCESS

Fig. 12. Scatter plot confronting the averaged PWV values obtained
for each recruited subject. A linear regressive model fit on the available
data points shows a strong linear correlation between the two devices.

PWV Assessment: Table II reports the averaged PWV values
acquired across all examined subjects and the associated
standard deviations. The accuracy of the proposed system
was assessed by examining the correlation of PWV values
between the two instruments and by analyzing the mea-
surement agreement across the study population. The scatter
plot is shown in Fig. 12 exhibits the mean PWV values for
each participant. A linear regression model was employed
to quantify the relationship between measurements, and its
quality was assessed using the determination coefficient (R2).
The robust linear correlation between the two devices is
evident from the dispersion of the actual data points around the
model’s best-fit line, as indicated by the coefficient R2, which
yielded a value of 0.89. The Bland–Altman plot reported
in Fig. 13 represents the agreement distribution between the
two instruments. As shown, the PWV mean difference is
about −0.65 ± 0.41 m/s. The comparison between the two
devices reveals that the proposed system yields PWV values
that closely match those of the gold standard. The reliability
of the measurements was validated by the regression model,
which highlighted their strong linear correlation, and by the
Bland–Altman plot, which indicated a bias well below the
1-m/s limit stipulated by the guidelines for an excellent cfPWV
estimation [53].

A. Precompliance CE Test
This section outlines the results of the precompliance CE

test conducted on the Athos system.
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TABLE III
REFERENCE SYSTEMS FOR NONINVASIVE PWV ASSESSMENT

Fig. 13. Bland-Altman plot of the difference between the performances
given by the SphygmoCor and the proposed device.

1) Clinical Usability: As stated in Section II-E2, the clinical
usability was assessed according to IEC 62366-1:2015 and
IEC TR 62366-2:2016 concerning the application of usability
engineering to medical devices. The evaluation considered key
aspects such as patient preparation, system setup, and appli-
cation during PWV assessment. In addition, safety measures,
cleaning, and storage procedures were examined to mitigate
user-related risks and preserve the device’s integrity. In gen-
eral, during the simulated use of the device by participants,
no usage or technical errors occurred. All users measured
according to the proposed workflow without encountering
significant difficulties, even when the operator had no prior
experience with the device. The results of their experience
were evaluated through a guided response questionnaire using
a scale from 0 to 4, where a lower score corresponds to a
favorable opinion of the device. The overall scores can be
considered very positive, as most of them fall within the
nonrisk zone (scores equal to or lower than one), indicating a
generally favorable opinion of the device.

2) Electromagnetic Compatibility: The outcome of the tests
for RF electromagnetic emission, according to CISPR 11,

classifies the Athos acquisition system in Group 1, Class A,
defining its RF emissions in a way that does not cause
any interference for electronic systems in the vicinity. From
an electromagnetic compatibility perspective, the device is
deemed suitable for the application of interest.

B. Benchmark Comparison
After examining the performance of the proposed device

in Section III, we now contextualize our findings within the
existing literature. Given the extensive field of noninvasive
PWV assessment, we selected the clinical devices considered
the most pertinent for our comparative analysis. Specifically,
we have selected the Arteriograph, Complior, Sphygmocor,
and Pulse Pen, as they are clinically graded, commercially
available, and utilize diverse sensing mechanisms. In Table III,
we report the main advantages and disadvantages of the com-
mercially available systems routinely used in the diagnostic
clinic environment according to the available literature. Our
evaluation encompasses factors such as sensitivity to motion,
level of operator independence, portability, preparation time
required for patients, and comfort levels. Utilizing a single
oscillometric brachial cuff, the Arteriograph (TensioMed, Hun-
gary) stands out for its portability and operator independence,
making it versatile for various settings [13], [20]. However,
its sensitivity to motion and cuff placement may affect accu-
racy [49], [50]. In contrast, the Complior (ALAM Medical,
France) system records arterial wave pulses concurrently using
up to four piezoelectric transducers placed directly on the skin
(carotid, femoral, and radial distal arteries) [53]. Despite being
acknowledged as a gold-standard device for noninvasive PWV
assessment, it is operator-dependent and may lack comfort
during use [51], [52]. Similar to the Complior, the Sphygmocor
offers unparalleled accuracy but requires an ECG, is less
portable, and has higher costs. Moreover, it requires a high
level of operator expertise in peripheral signal acquisition [25],
[29], [53]. PulsePen (DiaTecne, Italy) detects pressure wave-
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forms at the carotid and femoral arteries either simultaneously
or sequentially using applanation tonometry. It comprises two
small portable tonometers and a compact ECG unit [12], [25],
[52]. Starting from the device’s main drawbacks reported in
the literature, we created a low-cost, noninvasive, yet reliable
system. Numerous efforts were made to improve portability
and ease of use by removing the acquisition system for ECG
and introducing two wireless and lightweight sensing probes.
Nonetheless, it is essential to address the limitations that
emerged in this study. First of all, the small sample size is
attributed to the restricted number of participants. It is essential
to note that the preclinical trial enabled the evaluation of the
hardware and firmware updates implemented in the device,
as well as the feasibility of the new sensor used for PWV
assessment. Additionally, the disparity between the sensor
dynamics, ranging from 0 to 5 N, and the forces involved
in the arterial pulse passage might reduce sensor resolution.
Nevertheless, upon analyzing the accuracy of PWV estima-
tion, the comparison with the gold standard device did not
unveil any significant concerns regarding the measurement’s
reliability while simultaneously achieving all goals regarding
portability and enhanced usability. Thus, considering all the
aforementioned factors, our prototype closely aligns with
the current state-of-the-art literature. Moreover, it completely
fulfills its intended purpose in noninvasive PWV assessment.

IV. CONCLUSION

In this work, we presented a wireless device to provide
a real-time cfPWV assessment. We re-engineered the entire
hardware of the device to improve the portability and ease of
use with respect to the former system. The prototypal sensor
originally employed in the Athos device [54] was removed
in favor of a commercial piezoresistive load cell that proved
to be well-suited for detecting arterial pulses. The firmware
received an update, and a novel communication protocol
was devised to facilitate the interconnection of the units,
accompanied by procedures to manage and transfer data. The
GUI was improved by integrating real-time PWV assessment.
The electromagnetic compatibility test was conducted to verify
the system’s adherence to medical device design guidelines.
Clinical usability was validated by five clinical operators with
varying experience in assessing PWV, indicating a generally
favorable opinion of the device. The evaluation of PWV
estimation accuracy against the gold standard device did not
reveal any significant concerns regarding the reliability of
the measurement. In conclusion, it was demonstrated that the
proposed system effectively enhanced the key aspects that
inspired the design of the former device. Improved portability
and ease of use were achieved through a redesign of the device
on all levels to provide a system capable of broadening the
accessibility of this measurement in the clinical environment.
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