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ABSTRACT This paper describes an integrated chest wearable apparatus for continuous blood pressure (BP)
measurements exploiting the heart-rate (HR) and the pulse arrival time (PAT) in a modifiedMoens-Korteweg
model. The device embeds a miniaturized gas pressure sensor to record the phonocardiogram (PCG) of the
heart sounds, a LED-photodiode pair to detect the photoplethysmogram (PPG) of the blood flow wave, a µ-
controller, a wireless communication module and the power supply. With the proposed device no active
participation would be required from human subjects for BP measurements, since the HR and the PAT
are continuously extracted from the PCG and PPG signals. Dedicated signal processing algorithms were
developed and implemented off-line to extract both HR and PAT. A subject-specific calibration protocol of
the BPmodel was designed and implemented. The calibration and validation of the apparatus were performed
on a cohort of 20 healthy subjects. A GIMA ABPM pressure Holter was chosen as reference device, and
8 measurements points, evenly distributed over a 10-minute interval, were used for model calibration for
each subject. The range of DBP and SBP measurements were 52-85 mmHg and 90-141 mmHg, respectively.
The results from Bland-Altman analysis showed that the mean±1.96SD for the estimated diastolic, systolic,
and mean BP with the proposed method against reference were 0.01±7.55, 1.47±3.76, 0.74±4.38 mmHg,
respectively. The corresponding mean absolute differences (MAD) were 3.06, 1.83, and 1.80 mmHg. These
results demonstrates that the acquisition apparatus is able to continuously estimate the BP with an accuracy
comparable to traditional cuff-based devices.

INDEX TERMS Wearable device, blood pressure measurement, pulse transit time (PTT), pulse arrival time
(PAT), integrated system.

I. INTRODUCTION
Wearable devices for cuff-less blood pressure estimation
(BP), as in ambulatory blood pressuremeasurement (ABPM),
have been the subject of intensive investigations due to
their potential ability to provide continuous measurements
over a long time period (24-48 hours), in different pos-
tures or even during different physical activities [1]–[8].
The operating principle of the majority of such devices
is based on the non-invasive measurement of intermediate
physiological quantities, such as the R-wave peak extracted
from the electrocardiogram (ECG) and arrival time of the
blood pulse (PAT) at a peripheral site, measured by the
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photoplethysmogram (PPG), and on mathematical models
that bind together such quantities to the BP [9]–[13]. Tradi-
tionally, the PAT has been considered an adequate surrogate
of the pulse transit time (PTT), defined as the time taken by
the blood pulse that spreads from a proximal to a peripheral
site, which has been shown to correlate well with changes
in BP over a wide physiological BP range [14]–[16]. In this
paradigm, the Moens-Korteweg (M-K) model [17], [18] links
the velocity of the blood pulse (PWV) propagating through
an arterial tract of length L to its geometric and mechanical
parameters as:

PWV =
L

PTT
=

√
Eh
2rρ

(1)
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where E , h, r and ρ are the elasticity (Young modulus),
the thickness, the inner radius and the density of the vessel,
respectively. Being the elasticity strictly correlated to the
blood pressure by means of a scalar factor a as the following
heuristic equation suggests [19]:

E = E0eaBP (2)

then BP can be resolved in:

BP = −
2
a
lnPAT +

ln 2rρL2
hE0

a
(3)

where the PTT has been substituted by the PAT. Technically,
the arrival time at a peripheral site can be computed from a
characteristic point of the PPG, namely the signal foot [11].
PPG signal is acquired using a LED coupled to a photodiode,
which are placed on a superficial skin site like the fingertip,
exploiting transmissive PPG, or on the wrist or sternum,
exploiting, instead, reflective PPG. In particular, the relia-
bility of the reading at the capillary arteries of the sternum
surface was supported by the fact that the blood pulse speed is
mainly related to the propagation characteristics of the elastic
central arteries (aorta and carotid) [20]–[22]. This makes the
PAT measured at the sternum consistent with the mathemat-
ical model in (3) that holds mainly for central arteries. In
order to avoid the use of the ECG signal, the detection of
the first heart sound (S1) in the phonocardiogram (PCG) was
proposed in substitution of the R-wave peak, thus avoiding
the explicit measure of ECG that, even for a single derivation,
requires a differential acquisition and an active participation
of the subject, thus preventing a continuous BP measurement
[23], [24]. In such a case, the PAT is the time delay between
the beginning of the systole, marked by the mitral valve
closure sound, and the arrival of a pulse detected on the PPG
(Fig. 1), identified again by the PPG foot [11], [24]–[26].
Acoustic sensors located on the chest, in the proximity
of the heart, were proposed to detect the PCG [19], [24].
Considering an explicit effect of the heart rate on the
BP [27]–[30], (3) can be rewritten as:

BP = α lnPAT + βf (HR)+ γ (4)

where f is a function to be set and the three scalar parameters
α, β and γ are to be estimated on an individual basis bymeans
of a minimum amount of known BP values read concurrently
with the PAT. In principle, such a model holds for both
systolic (SBP) and diastolic (DBP) pressures. Commercial
smartwatches, as the Heartisans (Heartisans, Hong Kong)
and CareUp (Farasha Labs, Paris, France) have been recently
proposed on the market exploiting PPG and ECG, along
with models based on (4), to provide BP values on demand.
However, they are not able to address continuous long-term
measurements, which are fundamental for diagnostic mon-
itoring [4], [14]. This issue was addressed originally by a
chest sensor as a proof-of-concept [21] and only recently fea-
sibility studies have been proposed [22], [31]. Some technical
(e.g. sensor reliability and robust measurements for long-term

FIGURE 1. PAT calculation starting from phonocardiographic (PCG) and
photoplethysmographic (PPG) signals. By identifying the closing of the
atrioventricular valves (heart sound S1) and the foot value of the PPG
signal, it is possible to estimate the value of pulse arrival time (PAT).
Heart sound S2, representing the closing of the semilunar valves, is also
reported in the figure.

monitoring) and ergonomic (e.g. device shape and position-
ing on the thorax) challenges still prevent the development of
such chest-based devices ready for pre-clinical validation.

To bridge this gap, in this paper we present an innovative
device to be located at the subject chest able to record the
PPG and the PCG signals, detect the heart sound S1, calculate
the beat-by-beat PAT, and finally compute the BP. The pro-
posed apparatus incorporated a miniaturized pressure sensor
to acquire the PCG and reduce effects of environmental sound
noise, an optical system to acquire the PPG, oneµ-controller,
one wireless communication module, an internal memory
for data storage and the power supply. Three main tech-
nical innovations, subject of a patent pending at European
scale (Patent No. EP3248541A1) by our group, are here
presented: a) the design of a custom system to detect heart
sounds by acquiring air pressure signals at the chest interface;
b) the on-chip development of the required analog front-end
components by leveraging on the FPGA-based µ-controller
architecture; c) the optimized hardware implementation fea-
turing low power consumption that allowed continuous signal
recording up to 10 hours. Preliminary tests about the quality
of the BPmeasure harnessing the model described in (4) were
carried out on healthy and normotensive subjects according to
a predefined acquisition protocol.

II. MATERIALS AND METHODS
A. DEVICE REQUIREMENTS AND COMPONENT SETUP
Specific technical requirements, summarized in Table 1,
guided the design and the development of the integrated
device. First, the demand of long time data recording (up
to 12 consecutive hours) posed constraints on the power
consumption. Second, the potential great amount of recorded
data required an on-board memory. Assuming to store 1K
samples per second for both PCG and PPG signals, a shared
sampling of 1KHz and a storage capacity on board of at
least 400MB were required. Third, in order to be worn dur-
ing night and day, in different activity conditions, specific
wearability and ergonomic criteria were taken into account.
Moreover, the concurrent detection of PPG and PCG, with
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TABLE 1. Device technical requirements.

FIGURE 2. Top left: SFH 7060 optical system by BioMon Sensor devoted
to PPG detection. Bottom left: MPXV7002 integrated silicon pressure
sensor from NXP R© Semiconductors devoted to PCG detection. Right: front
view of the developed device showing the optical sensing area (black)
and the pressure sensing area (bell shape). Overall, the device features a
height of about 6cm, a width at the base of 4.5cm, a thickness of 1.5cm,
and a weight of approximately 100 gr.

particular focus on the first heart sound S1, required to
locate the device in contact with the chest surface. As a
consequence, the device was designed to encapsulate one
optical and one acoustic sensor devoted to the acquisition
of the two signals (Fig. 2). The chosen SFH 7060 system
(BioMon Sensor - Osram) is an analog multi-chip optical
sensor embedding a wide-range photodiode (400-1100nm),
with good spectral sensitivity (0.5A/W), and three green LED
emitters (λPEAK = 530nm), along with one red (λPEAK =
660nm) and one infrared (λPEAK = 950nm) emitters.
In accordance with recent literature findings, only green light
was used [32]–[34]. In order to detect heart sounds, atmo-
spheric pressure measurements were considered instead of
traditional acoustic sensing, which have been shown to be
very prone to the environmental noise. The underlying idea
was to detect the air pressure variation at the skin interface
transmitted by the inner sound propagation. The technical
solution consisted in coupling together the MPXV7002 ana-
log pressure sensor (NXP Semiconductor) and a custom-
designed amplification chamber (resembling a bell-shaped
stethoscope) into a differential pressure setup, that is the
pressure measured by the sensor into the bell was referenced
to the local atmospheric pressure (Table 2). The shape of
the device, conceived to ensure ergonomic contact with the

skin, featured a circular base for the stethoscope chamber
in the bottom part and a superior narrow part holding the
optical sensor (Fig. 2). Operationally, the stethoscope part
was placed close to the left side of the chest while the optical
part close to the sternum region, at a distance of about 50mm
in between by design. While the stethoscope part, as well as
the case for the electronics and the battery, had to be rigid
for the sound transmission requirement, the material for the
PPG sensor holder was made of soft silicon rubber equipped
with an elastic metallic coil. This way, the flexibility of the
optical chassis, joined to force exerted by the coil, allowed
for a better coupling of the optical sensor to the chest con-
formation. In order to avoid the real-time transmission of the
acquired signals, a 8GB microSD card was used. The device
embedded a wireless communication module implementing
a Bluetooth Low Energy (BLE) protocol by means of the
CYBLE-222014module (Cypress, USA). At this preliminary
stage of development, the BLE module was used to check
the quality of the sampled PPG and PCG signals through a
custom software running on an host machine, and for send-
ing/receiving commands from the operator using the device.
The power supply was ensured by a single 1.5V AA Litium
battery, along with one analog and one digital voltage regula-
tion circuitry (Fig. 3). In order to supply both digital (3V) and
analog (5V) components, using the 1.5V battery, two boost
converters from Texas Instruments were used. In particular,
TPS61021A for the digital part (efficiency of 0.9 at 1.2V) and
TPS61072 for the analog one (efficiency of 0.83 at 1.2V).

FIGURE 3. Block diagram of the components involved in the device. The
main electronic core, powered by a single 1.5V battery, handles the
analog reading of the pressure sensor and of the photodiode, storing the
sampled data on a µSD card. Furthermore, the micro-controller drives the
LEDs of the optical system, and allows a communication, via Bluetooth
Low Energy, with a host device. At the time of writing, data processing
and analysis is performed offline.

B. CIRCUITRY
The electronic components of the device were embedded in
two different printed circuit boards (PCB): the main acqui-
sition and processing (AP) board (Fig. 4a and 4b) and the
optical system (OS) board (Fig. 4c), whose shapes were
designed to feature the custom footprint of the geometric
shape of the device. The OS board enclosed the optical sensor
and the driving components, while the AP board featured
the micro-controller, the communication module, the SD
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TABLE 2. Technical details of the hardware components.

FIGURE 4. PCB design of the acquisition and processing board and the
optical board. Without lack of generality, ground and power supply layers
were not depicted in figure.

card, the voltage conditioning circuit, the pressure sensor
and the corresponding front-end. The programmable system
on chip (PSoC) CY8C5888LTI-LP097 (Cypress, USA) is a
micro-controller that we adopted as main core of the device.
The PSoC is based on a 32-bit ARM Cortex-M3 processor
and features a programmable FPGA-based system-on-chip
with configurable analog and digital blocks. Using a PSoC
µ-controller, all the analog components required for the front-
end of analog signals were moved directly on the FPGA
chip, thus reducing the size and the cost of the printed circuit
boards. Even if this micro-controller is slightly more expen-
sive than traditional micro-controllers, its flexible architec-
ture allowed us to achieve a fast development of the described

prototype, since the majority of the analog components were
integrated directly on chip. For the analog section, the current
needs were mainly estimated in 20 mA for the green LEDs,
10mA for the pressure sensor, about 6mA for the analog
supply of the µ-controller, with a total amount of about
36mA. For the digital part, the main needs were 20mA for
the digital supply of the µ-controller, an average amount
of 10mA for the SD card writing operations, 6mA on average
for transmitting and receiving operations of the BLE module.
In total, a required maximum average current for the digital
subsystem was estimated in 36mA. Considering the capacity
of the AA battery (about 2500mAh) and the efficiency of
the voltage regulators, the overall requirement of a maximum
average current of 250mA allowed in principle ∼10 hours of
continuous registration. The PSoC µ-controller, the pressure
sensor and the analog boost converters were placed on the
bottom layer of the main AP board. The SD card, the digital
boost converter, the BLE module and the driving circuit of
the optical system were placed on the top layer. Ground and
power layers were placed in between the top and bottom
layers.

C. PSOC µ-CONTROLLER SETUP
The configuration and programming of the PSoC were
performed using PSOC Creator 4.2 IDE (Cypress, USA).
The configurable FPGA-based system-on-chip of the PSOC
allowed us to implement entirely on-board the analog front-
end required for both the pressure sensor and the photodiode
and the pulse-width-modulation (PWM) circuit necessary
to drive the the green LEDs (Fig. 5). A PWM block was
implemented on chip setting a period of 2µs with a 50% duty
cycle. The PCG signal was connected to the positive input
of a programmable gain amplifier (PGA), configured in low
power mode, with an initial gain equal to 0 dB. A digital-
to-analog converter (VDAC2 in Fig. 5) was used to drive the
negative input of the PGA, as an external voltage reference,
in order to remove the sensor offset. Concurrently, the DAC
signal drove the negative input of a16 analog to digital con-
verter (ADC) through a voltage follower to match impedance.
The ADC was configured to capture data at sampling
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FIGURE 5. Analog front-end of the PCG and PPG signals implemented on
the PSoC 5Lp µ-controller and circuit for the driving of the three green
LEDs. Since the chosen PSoC micro-controller embeds
FPGA-programmable blocks, the analog front-end was entirely designed
on the micro-controller, with no external components required on the
PCB. PGA: Programmable Gain Amplifier; TIA: Trans-Impedance Amplifier;
VDAC: Voltage Digital to Analog Converter.

frequency of 2KHz for 16-bit resolution, with an internal
reference voltage (Vref ). The front-end of the PPG signal
was set in photo-voltaic configuration (current-to-voltage
converter) and therefore connected to a trans-impedance
amplifier (TIA), featuring the positive pin to ground voltage.
Similarly to the PCG front-end, a DAC (VDAC1 in Fig. 5)
was adopted to drive the negative pin of the ADC, in order to
reduce the dark current noise. Here, a successive approxima-
tion converter (SAR) ADC, featuring 12-bits of resolution
and a sampling rate of 10KHz, was adopted. As detailed
below, both DAC signal biases were automatically tuned by
means of devoted procedure at the device power-on. For each
of the two ADCs, one interrupt service routine was issued at
the end of the ADC conversion (EOC) and captured data were
transferred into a circular buffer allocated in the PSoC RAM.
In order to ensure the synchronization between the PCG
and PPG signals, sampled at 2kHz and 10kHz, respectively,
a timer block was implemented to trigger the data storage
into the memory with a period of 1ms, as depicted in Fig. 6.
At trigger time, the sampled data of each signal, collected so
far in the buffer, were averaged and then stored using a two-
byte word. This averaging procedure, that could be achieved
with the use of two different sampling frequencies of the
ADCs, allowed to smooth the measured analog signals. The
tuning of the DAC voltage bias (bDAC ) was performed by first
setting the voltage internal range 1V of the ADC to 0-5V,
with a reference voltage Vref of 1024mV, to allow a wide
span of the input. As many as 5000 signal samples (gathering
time 5ms) were retained to compute an average value v.

FIGURE 6. Block diagram of the ADC subsampling process.

This value was then mapped into the maximum voltage
amplitude of the 8-bit DAC (4080mV) to obtain the final DAC
level as:

bDAC = v ·
1V
d
·
255
4080

(5)

where d was the ADC resolution. From this point on, the con-
tinuous value bDAC was generated by the DAC (Fig. 5) and
the ADC internal reference rangewas set to±Vref to optimize
the sampling resolution on the signal amplitude.

D. SIGNAL PROCESSING FOR HR AND
VTT COMPUTATION
After the on-board acquisition and storage of the PCG and
PPG signals, data were transferred and then processed offline
with Matlab (Mathworks, USA). The following digital filter
configurations were used to clean out noise from the signals:
• PCG: 4th order band-pass Butterworth filter, with cut-off
frequencies of 1.5 and 40 Hz;

• PPG: 4th order band-pass Butterworth filter, with cut-off
frequencies of 0.5 and 20 Hz.

These filter configurations allowed to remove both the low
frequency components due to breathing, and the high fre-
quency effects ofmuscle vibrations and residual heart sounds.
In order to obtain a zero-phase shift, the two filters were
applied in a forward-backward configuration. After filtering,
the first heart sound S1 and the PPG signal foot had to be
extracted from the PCG and PPG signals, respectively.

1) S1 SOUND DETECTION
In order to correctly estimate PAT fromPCG and PPG signals,
the first heart sound, S1, had to be extracted from the PCG sig-
nal. A simple double threshold approach was implemented,
in order to ease the future real-time on-board implementation
of S1 detection. As a first step, the filtered PCG signal was
differentiated to enhance the typical biphasic shape of the
sound. Then, all the positive and negative peaks present in
the signal were identified, and their average values were
computed (T1,p and T2,n). After this first peak identification,
only the peaks above T1,p and below T1,n were considered,
and their average value was again computed (T2,p and T2,n).
After the identification of the thresholds, all the negative
peaks below T2,n were labeled as Pn. If, in a time interval
of 70ms around the i-th Pn, a positive peak with an amplitude
greater than T2,p was found, then the zero crossing point
between the negative and the positive peak was labeled as
heart sound S1. In order to make this identification more
robust, a cross correlation technique was used to double
check the correctness of the heart sound detection. The first
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5 detected heart sounds S1 were used as reference signals,
and the cross correlation between each detected heart sound
and the reference heart sounds was computed. The three heart
sounds that showed the highest values of cross correlation
were aligned, averaged and used as reference. After this
procedure, cross correlation was computed again and only
those heart sounds that showed a cross-correlation higher than
the maximum value were considered as true heart sounds.

2) PPG FOOT DETECTION
The second step towards the PAT estimation was the PPG foot
detection. As shown in Fig. 1, PAT is computed as the time
difference between the heart sound S1 and the PPG foot. The
detection of the PPG foot was thus performed by exploiting
the S1 event detected on the PCG signal. As soon as S1 event
was correctly detected, the corresponding event was projected
on the PPG signal. From this time point on, a time window
272ms long was analyzed. This value was chosen considering
amaximum heart rate of 220 beats per minute (bpm), which is
equivalent to one beat every 272 ms. Inside this time window,
the first minimum value of the PPG signal, other than the
boundary of the time window, was considered as the PPG
signal foot.

E. BP MODEL AND CALIBRATION
The BP model defined in (4) was specified considering a
linear relation between BP and HR, in agreement with [29],
[35], as:

BP = α lnPAT + βHR+ γ (6)

where PAT and HR are expressed in ms and beat/s, respec-
tively, whereas BP in expressed in mmHg. A calibration
procedure for computing the three parameters (α, β and γ )
was developed by recording reference values of BP using the
GIMA ABPM holter pressure monitor (GIMA, Italy). The
acquisition protocol required the holter cuff placed at the
right arm of the subject and the device attached at the chest
by an elastic band (Fig. 7) for concurrent data acquisition
of PGC and PPG. One single registration of SBP and DBP
values by the holter system required, on average, a total
of 20 seconds. When the two BP measures became available,
the operator triggered the device by sending a command via
BLE in order to annotate the PCG and PPG signals with the
correspondent time instant. After completing the recording,
data fromSD cardwere read and processed offline to compute
the corresponding HR and PAT values. Using at least four BP
references values, model parameters were assessed by least-
square optimization.

F. DEVICE POSITIONING AND REAL-TIME FEEDBACK
As previously described, the shape of the device complied
with the natural curvature of the breast and the sternum area.
At setup time, the clinical operator was required to position
the device on the human subject skin and started it in setup
mode. In this functional mode, the original signals acquired at
1KHz were delivered through BLE in packets of 20 samples

FIGURE 7. Experimental setup of the measures, with the device coupled
to the chest of the subject through an elastic band and the cuff of the
GIMA ABPM at the right arm. The optical system and the sensor bell of
the device were attached to the skin.

at a streaming rate of 50Hz to the host computer. An internal
20ms timer drove this process. The data collected in this
phase were used by the operator only to visualize and inspect
the signals to qualitatively assess the signal patterns and
the eventual presence of noise or interference. By slightly
changing the orientation of the device, the operator could
check for signal quality improvement, thus easing the post
processing. In addition to the position and orientation of the
device, the duty cycle of the PWMcontrolling the green LEDs
could be tailored and personalized for each subject, according
to his/her skin properties. Once the signals were considered
to be satisfactory, the operator positioned, in a definite way,
the device on the subject skin through an elastic band, and
switched the device functioning mode to normal acquisition.

III. EXPERIMENTAL TESTS AND RESULTS
A. TESTING PROTOCOL
A total of 20 adult volunteers (8 females and 12 males),
aged 24-37 years without known cardiovascular anomalies,
were recruited to participate in this study. The experimental
procedures followed the principles outlined in the Helsinki
Declaration of 1975, as revised in 2000. All subject were pro-
vided with all the required information about the experiments
and they were asked to sign an informed consent prior to the
experiments. The protocol for the experiments was divided in
three main phases, namely system setup, data acquisition for
model calibration, and data acquisition for model validation.

1) System setup: the main purpose of this phase was to
acquaint the participant with the testing condition and to setup
the system. In this phase, the participant was required to
seat comfortably on a chair for about two minutes, wearing
both the cuff of the GIMA ABPM Holter pressure apparatus
and the developed device. The device was positioned on the
lower part of the sternum, slightly tilted with respect to the
vertical direction (Fig. 7). This position was justified by two
main considerations: the bell embedding the pressure sensor
opening had to be positioned as close as possible to the heart
while the optical system had to be placed at the sternum,
which is known to be well vascularized. A visual inspection
of the PCG and PPG signals acquired by the device allowed
to adjust and optimize the device position.
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FIGURE 8. Example of data recorded from two participants involved in the experiments. Upper panel: male subejct; lower panel: female subject. The
data presented are the PPG (red) and PCG (blue) signals filtered and normalized over a 7 seconds window. In addition to the PPG and PCG signals,
the S1 (blue dots) and PPG foot (red dots) timepoints detected with the described algorithm are shown. On the right of the figure, a shorter time
window of 0.6 seconds highlights the detected S1 heart sound and the PPG foot.

2) Calibration data acquisition: in the second phase, four
measures were taken from both systems concurrently while
the participant took up different postures (sitting, sitting with
raised arms, standing, standing with raised arms), with each
posture lasting two minutes. The collected measures were
then used for model calibration (6). After calibration, four
values of DBP and SBP for each participant were computed.
For a subset of six participants, four additional measures for
calibration were attained. This was motivated by the possibil-
ity of improving BP measurement accuracy when increasing
the calibration points.

3) Validation data acquisition: in the third phase, five blood
pressure measurements were collected, again from both the
Holter pressure monitor and the developed device, in order to
test the extrapolation quality of the algorithm for BP estima-
tion. The data collected in this third phase were not used for
calibration of the subject-specific model.

A subgroup of 17 out of 20 participants was recruited,
at the end of the experiment, to perform an assessment of the
ergonomics and user friendliness of the device. This was done
in order to understand if the device could potentially be used
without the supervision of a clinician in daily life. At first,
the participants were taught how to correctly position the
device on the chest, as if they were reading the user manual
of the device. After this, they were asked to position it on the
chest, and perform a visual inspection of both PPG and PCG
signals on the user interface. Once they reached a satisfying
PPG signal, they started to slightly turn the device in order
to achieve a good result also in terms of PCG signal quality.
The total number of attempts, the final positioning angle of
the device and the time spent before completing the trial were
annotated. The ergonomics of the device was evaluated by
the participants on a 5 point scale (1-5, with 1 being totally
uncomfortable and 5 very comfortable). The quality of the
PCG and PPG signals was evaluated by the experimenters on
a qualitative scale (1-5, with 1 meaning low quality signals,
and 5 optimal signals). The overall experiment lasted for a
maximum of 30 minutes, according to the number of mea-
surements performed with each participant. The agreement

TABLE 3. Results of the peak detection for the PCG and PPG signals. CR:
Correct Recognition; WR: Wrong Recognition; MR: Missed Recognition.

between the reference and the estimated BP was analyzed
according to the Bland-Altman approach, considering the
consistency limits defined by mean±1.96SD.

B. PEAK RECOGNITION
The raw recorded data of 6 subjects were manually inspected
in order to quantify the robustness of the automatic algorithm
for the detection of heart sound S1 and of the PPG signal foot.
An example of the PCG and PPG signals recorded with the
proposed device is shown in Fig. 8. For each subject, three
synchronized time windows of 100 seconds of the PCG and
PPG signals were randomly chosen from the data recorded
during the measurement sessions. The first window was
randomly chosen in the first third of the recording session,
the second window in the second third, and the last window in
the last third. These data were analyzed both by the developed
algorithm and manually by the authors. The results of this
analysis on peak detection are reported in Table 3. On an
overall number of 3700 analyzed heart beats, corresponding
to more or less 1 hour of continuous registration, a sensitivity
of 91.7% was reached for the heart sound detection, and
99.4% for the PPG signal foot identification.

C. HEART RATE DETECTION
Bland-Atlman analysis was performed on HR measure-
ments. The range of measured HR values was 53-110 bpm.

55430 VOLUME 8, 2020



D. Marzorati et al.: Chest Wearable Apparatus for Cuffless Continuous BP Measurements Based on PPG and PCG Signals

FIGURE 9. a) and b): Bland Altman plots for heart rate analysis. Reference values (Ref. HR) were obtained with the GIMA ABPM Holter
pressure monitor, while estimated values (Est. HR) were computed starting from heart sound S1 detection. The equation in the plot at the top
of the figure represents the linear regression curve for the estimated heart rate values. c): Boxplot of similarity analysis with Wilcoxon paired
test for the HR measurements. b/m: bpm.

FIGURE 10. Boxplots showing the distributions of the α, β, and γ

parameters of the estimated model, as described in Eq. (6), using a
4-point calibration procedure.

Fig. 9a and Fig. 9b show the result of this analysis. Reference
values for HR were obtained with the same holter system
used to get reference pressure values, while estimatedHRwas
computed starting from the detection of the first heart sounds
S1. Bland-Altman analysis showed that the mean standard
deviation for the estimated HR against reference HR was
0.2±9.23 bpm. The R2 value for the linear regression curve
estimated from HR measurements was equal to 0.82. After
checking the normality of the obtained data with a Lilliefors
test (check HR distribution in Fig. 9a), a similarity analysis,
carried out with Wilcoxon paired test, showed that there
were no significant differences between the two distributions
(p = 0.7), as shown in Fig. 9c.

D. BLOOD PRESSURE COMPUTATION
After analyzing the results related to heart rate computa-
tion, blood pressure measurements were taken into account.
The coefficients of the model described in (6) were esti-
mated using, as reference values, the measures obtained
with the GIMA ABPM Holter pressure monitor. Boxplots
showing the distributions of the estimated parameters are
shown in Fig. 10. We performed a Bland-Altman analysis
to check the correspondence between the reference and the
estimated values. Since for a smaller subset of participants
8 points were used for the calibration procedures, both the
measurements obtained with a 4-point calibration and those
obtained with a 8-point calibration were considered for the
Bland Altman Analysis. The range of diastolic and systolic
measurements used for the 4-point (8-point) calibration pro-
cedure were 52-85 (67-76) and 90-141 (121-130) mmHg,

respectively. The results of this analysis are shown in Fig. 11.
The R2 value for the linear regression curve computed from
the measurements obtained with a 4-point (8-point) calibra-
tion was 0.91 (0.99). The Bland Altman analysis showed
that the mean standard deviation for the estimated diastolic,
systolic, and mean BP values, computed using a 4-point
(8-point) calibration procedure, against reference BP values,
were 0.97±11.18 (0.01±7.55), 0.83±18.34 (1.47±3.76),
0.90±11.27 (0.74±4.38) mmHg, respectively. The computed
mean absolute difference (MAD) between the estimated and
reference values for the diastolic, systolic, and mean blood
pressure obtained after the 4-point (8-point) calibration were
4.36 (3.06), 6.96 (1.83), 4.58 (1.80) mmHg, respectively.
A similarity analysis was performed through a Wilcoxon
paired test for both systolic and diastolic pressure measure-
ments. Boxplots showing the distributions of the reference
and estimated blood pressure values, obtained with 4-point
and 8-point calibration procedures, are represented in Fig. 11.
Only for the systolic blood pressure measurements obtained
with a 8-point calibration, there was a significant difference
between the estimated and reference values (p < 0.05) while
the absolute difference was less than 2 mmHg. We evaluated
the BP measurements obtained with a 4-point calibration
according to the guidelines for BP monitors defined by the
British Hypertension Society (BHS) [36]. The result of this
evaluation are reported in Table 4.We conducted this analysis
for systolic, diastolic, and mean blood pressure separately.
The BHS defines the grade for BP monitors according to
the cumulative percentage of errors under three main thresh-
olds, (5, 10, and 15 mmHg). The results obtained with this
preliminary setup allowed to consider the device as a grade
A BP monitor for DBP and MAP, and grade C monitor for
SBP measurements. As a benchmark for further evaluation
of the apparatus performances, the results obtained in a work
using ECG and PPG to compute the PAT were reported [12],
confirming a substantial agreement with our results.

E. ERGONOMIC ASSESSMENT
The ergonomics and the user friendliness of the prototype
were tested and evaluated on a cohort of 17 participants in
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FIGURE 11. Bland-Altman and similarity analysis for blood pressure measurements. Data are shown for both diastolic (red) and systolic (blue) pressure
measurements. Plots at the top (bottom) of the figure are referred to measurements estimated after a 4-point (8-point) calibration. The number of
depicted samples for the 4-point calibration procedure is equal to 130, while for the 8-point calibration is 36.

TABLE 4. Comparison between the cumulative error percentages of the
estimated BP measurements obtained with the proposed device,
the work proposed by Kachuee et al. [12], and the standards defined by
the BHS [36].

terms of optimal positioning angle, signal quality, and time
required for the setup. The results of this evaluation are
shown in Table 5a, 5b, and 5c. Due to the small number
of participants involved in this evaluation, the analysis is
qualitative and no statistical analysis was performed on the
collected data. From Table 5a, it is possible to infer that
results between men and women are comparable, with a
difference in the positioning angle probably determined by
the presence of the breast. The optimal angle for the recording
was found to be around 34◦, close to what was expected.
Table 5b and Table 5c present the same data but from different
perspectives. In particular, in Table 5b, data were reorganized
according to the parameter related to the overall quality of
the PPG and PCG signals. From these data, it is possible
to infer that the lowest values of signal quality were found

for positioning angles laying outside of the expected range
(30◦ to 45◦). Instead, Table 5c show data reorganized accord-
ing to the positioning angle. The majority of the participants
choose an angle between 30◦ and 45◦.

IV. DISCUSSION
Cardiovascular diseases and the related hypertension con-
dition are a worldwide health issue for patients, so that
continuous and reliable BP monitoring is crucial for long-
term diagnostic purposes [8]. From a clinical point of view,
the pressure holter setup using a cuff, which consists of
the automated measurement of BP every 15 to 30 minutes
along a period of 24h, represents the standard (non-invasive
and cost-effective) methodology in hypertension assessment
and cardiovascular risk evaluation [37], [38]. However, con-
ventional BP holter equipment, using either auscultatory or
oscillometric techniques, provides BP readings at discrete
time intervals and cannot support continuous measurements
during daily activities. Furthermore, they may result in a
discomfort to the patient as they require a mechanical per-
turbation of the measurement site, posing further questions
about the patient adherence to the long-term monitoring [38].
The main development trend for less-obstructive BP mea-
surement focused on solutions based on wearable devices.
HeartGuide (https://www.omron-healthcare.it/) is a wearable
watch, clinically validated for systolic and diastolic mea-
sures, that has been recently brought to the market by Omron
(Omron Healthcare EUROPE B.V., The Netherlands). This
device harnesses the oscillometric method to compute the
BP and therefore it is still based on the cuff incorporating
one inflatable bracelet in the strap. Such a device cannot
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TABLE 5. Results on the ergonomics and user friendliness of the device. a): Data grouped by gender; b): data grouped by values of the quality parameter;
c): data grouped by values of the positioning angle parameter.

provide continuous measurements and basically suffer from
the same limitations of the traditional arm cuff holter devices.
Alternatively, applanation tonometers [39], making use of
volume clamp methods, and echo-tracking devices, exploit-
ing ultrasound techniques, are intrinsically less invasive for
continuous BP estimation, but, at the same time, they require
a clinical setup and are elective only for patients undergo-
ing surgery or unable to move [40]. More recently, arterial
tonometry principle has been utilized into the BPro smart-
watch (https://www.healthstats.com) developed by Health-
STATS Technologies (London, United Kingdom). The wrist
strap of the watch embeds the force transducer and com-
presses the tissue and radial artery enough to cause appla-
nation. However, for accurate measurement the fixation with
adhesive tape is required. While the comparison with auscul-
tatory reference measurements provided good agreement in
a static ambulatory setup (±5 mmHg), the performance was
adversely affected by motion artifact thus still preventing its
usability in the daily life. Concurrently, many efforts were
carried out in the development of wearable devices based
on PTT/PAT. Two main types of devices can be identified:
smart watches and chest devices. The smartwatch type can
be further split into two sub-types, the first one using PAT,
computed by ECG R-wave peak and PPG foot difference,
the second one using the PTT computed from two PPG
signals (wrist and fingertip). As well, chest devices can be
further split into two sub-types, the first one using PAT, com-
puted by ECG R-wave peak and PPG foot difference, the sec-
ond one using PAT, computed by PCG (acoustic sensor) and
PPG foot difference. The Heartisans Blood Pressure Watch
(https://www.heartisans.com) is a smartwatch provided on
the market by Heartisans (Hong Kong), which is based on a
single differential electrocardiographic measure to detect the
PTT on the PPG. Calibration with a clinical cuff-based BP
device is mandatory before autonomous use. As the clinical
validation has not been performed yet, the Heartisans Watch

should be regarded as a consumer device. CareUp by Farasha
Labs (Paris, France) is a smartwatch for BP estimation based
on the PTT, measured by the time delay of the blood pulse
registered bymeans of two photopletismography sensors, one
located on the back and one on the front of the device on
which the subject places the fingertip [41]. The HR, attained
by the PPG detected at the finger, is used to refine the
BP model, which was a linear regression of PPT and HR.
The model calibration was based on repeated BP measures
by sphygmomanometer. Validation performed on 44 healthy
subjects provided accuracy results of diastolic and systolic
BP of about 5 and 9 mmHg. However, despite clinical valida-
tion, oscillometric, tonomoter and optical wearable monitors
available on the market still entail subject awareness and have
not addressed yet the issues related to continuous and long-
termBPmeasurements, which are fundamental for diagnostic
monitoring [4], [6], [23]. In addition, especially for optical
devices, the main weakness is that only records at rest can
be performed, due to the poor stability of the PPG signal
to the movements [7], [12]. Moving along the direction of
detecting the BP routinely and non-invasively, in this work
a chest device, based on the measure of the PCG and PPG
waveforms, was proposed exploiting the relation between
PTT and BP. The non-invasive BP measurement exploited in
this device relies on the computation of the PAT, which was
proposed as a surrogate of the PTT and showed reasonable
correlation with BP [15], [16], [42]. The Moens-Korteweg
model, which assumes a relation between the average intra-
mural pressure and the PWV of elastic tubes, was simplified
to express an explicit relation of both systolic and diastolic
blood pressures with the PAT and HR in bundle. The devel-
opment proposed in the present paper addressed some tech-
nological and functional limitations (wearability discomfort,
discrete and short-term measurements to cite a few) of the
traditional cuff-based systems. The work led to the imple-
mentation of a fully integrated prototype able to measure BP
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in a non-invasive and continuous manner potentially without
interfering with daily activities, as it can be worn easily on the
chest (lightweight and small) and it does not require neither
mechanical perturbations at the measurement site nor the
subject active participation. In the light of the above results,
the main technical contributions can be summarized as fol-
lows. First, the prototype was able to measure synchronously
the PCG and the PPG signals, avoiding the explicit measure
of ECG. Second, the detection of PCG was based on the
seamless integration of a miniaturized pressure sensor and a
custom-designed auscultatory bell, making the PCG acquisi-
tion minimally sensitive to disturbance from environmental
sound noise. Third, the use of the PSoC µ-controller has
allowed us to minimize the analog front-end thus increasing
the quality of the signals obtained from the photodiode and
pressure analog sensors. Fourth, the geometry of the device
was designed to cope with chest morphology, especially to
match the breast arch. As a result, none of the enrolled partici-
pants expressed distress wearing the prototype. Last, all these
contributions allowed to obtain mean absolute differences of
diastolic, systolic and mean BP, with respect to the reference
of 4.36, 6.96 and 4.58 mmHg, respectively. From a scientific
point of view, we have confirmed that the model embedding
PAT and the heart rate provided BP results, attained upon
subject-dependent calibration of the model parameters for
a cohort of 20 healthy subjects, in a agreement with those
reported in the literature adopting similar models [4], [12],
[21], [22], [42], [43]. In particular, according to the BHS
standard, our prototype was consistent with the grade A in the
estimation of DBP and MAP values overcoming the results
obtained by a similar setup [12], which featured grade B in the
estimation of the MAP value. In [43], a regression model was
used to relate PTT to BP reporting a SD of the mean pressure
in the range of ±3 mmHg on a cohort of 14 normotensive
subjects. In [21], the authors reported a chest sensor tested
in a cohort of 15 healthy subjects, exploiting the PWV prin-
ciple, providing a MAD for pressure measurements in the
range ±5 mmHg. Interestingly, the sensor performance was
maintained even two weeks after having performed the initial
subject-dependent calibration. In [4], the author proposed an
armband wearable device based on PTT reporting a SD of the
mean pressure in the range of±8mmHg, validated on a small
cohort of 10 healthy subjects. Investigation by [11] about the
photoplethysmgram intensity ratio, accounting for changes in
arterial compliance, as a correction factor for PTT, revealed
an improvement of the BP measurement reporting a range of
about±3mmHg, validated on 27 healthy subjects. An inverse
model between BP and PTTwas proposed in [42] attaining an
accuracy of diastolic and systolic BP of about 5 and 6 mmHg,
respectively. From an operational point of view, the focus on
a chest device rather than a sensor watch on the wrist was
dictated by physiological considerations about the relation
between the PAT and the BP in the Moens-Korteweg model,
which relates the speed of the fluid pulse traveling into a
vessel to the compliance and geometry of the vessel. The
validity of this model in the context of the human vascular tree

is dependent on the assumption that the geometric regulation
of the vascular bed has little influence of the transit time [21],
[22]. The advantage of computing the PAT at the sternum
allows to neglect the effect of arterioral autoregulation to
the total transit time as the propagation of the pressure-pulse
wave at the sternum vascular bed occurs at high speed [14],
[18]. Therefore, the PAT measurement performed according
to the described setup is expected to describe the stiffness of
the elastic and large muscular arteries, combined in a single
PAT value [17]. Nonetheless, the major issue with the PAT,
triggered by the R-wave, is that it is not a perfect surrogate
of the PTT as there is an additional time delay, traditionally
called pre-ejection period (PEP), between the action of atri-
oventricular valve closing and the pulse wave propagation
to the arterial tree. However, the use of ballistocardiography
(heart sound) sensor allowed us to compute the PAT direct
from the S1 sound, method that has been confirmed to mini-
mize the influence of cardiac PEP differences [44]. Further-
more, PAT and PTT were mainly reported to be correlated
with systolic than diastolic BP [23] thus posing questions
about the generalization of the Moens-Korteweg model to
diastolic pressure. According to recent papers in the literature
[29], [30], [41] that suggested a direct dependence of the
BP to the HR, the Moens-Korteweg model was extended
by assuming a linear relation, as reported in (6). However,
this relation is to be considered reasonable only within a
small range of BP variations [45]. For instance, as the BP
decreases the HR increases in an effort to augment the cardiac
output, with a concurrent contraction of the arterial walls to
increase the BP. Conversely, as soon as the BP increases the
HR tend to decrease, along with a release of the arterial wall,
to work against a potential dangerous condition [27], [28].
Moreover, the model should take into account that, as the
HR increases, corresponding for example to some physical
exercise, the short-term effect on the BP should be less
than linear and even the BP should reach a saturation value.
While, according to such basic physiological considerations,
a non-linear relation, like the logistic function, would be
more realistic, the complexity of dealing with multiple more
parameters prevents to obtain high accuracy in the calibration
with few measures. In addition, as it was shown in Fig. 10,
solving the calibration using a least-square optimization can
lead to high variability in the parameters, issue that can
decrease the overall model accuracy when increasing the
number of parameters. Some technical limitations of the work
have to be discussed. In this prototype release of the device,
real-time operations pertained only to the signal acquisition
while data post-processing and analysis were performed off-
line. Transferring signal analysis completely on-board can
be feasible but it is acknowledged to be challenging as data
buffer allocation in random access memory and real-time
operations are to be carefully optimized to ensure accuracy
in the PAT detection. The verification of the PPG waveform
was performed at the device positioning time by checking
qualitatively the signal in a trial-and-error procedure. Poten-
tially, this procedure could be implemented on-board to allow
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the automatic assessment of the PPG quality in terms of
motion artifacts or other environmental effects, thus reducing
unnecessary data transmission and saving battery power [46].
A brachial oscillometric system was used as a reference BP
measurement for both model calibration and testing, intro-
ducing further uncertainty due the average BP readings along
the required time period of about 20s for eachmeasure. As the
results showed, the calibration of the BP model was strongly
dependent of the number of considered PAT-BP pairs. The
difference between 8- and 4-point calibration, both in dias-
tolic and systolic accuracy, suggests that increasing the num-
ber of calibration points is mandatory to ensure high accuracy,
however at the expense of a higher operating cost. As far as
the shape of the device is concerned, for female participants
the angle for positioning the device was limited due to the the
presence of the breast but the real-time feedback at position-
ing time allowed to maximize the signal quality. Finally we
point out that the employed acquisition protocol limited the
span of the BP values. We acknowledge that the Institute of
Electrical, and Electronics Engineers (IEEE) has proposed a
validation protocol [47] devoted to cuff-less BP monitors to
cope with the AAMI standard for cuff-based devices. Such a
protocol envisages the testing of the cuff-less device across
a wide range of BP, including pathological conditions, and
the validation of the initial calibration after a significant time
period (even weeks) to investigate the stability over time
of the calibration. In this preliminary work, the device was
calibratedwithin a physiological range of blood pressures and
more systematic validations are considered for future works.
Furthermore, additional efforts should be made in order to
improve the algorithms employed for the detection of the
S1 heart sound and the PPG foot.

V. CONCLUSION
Much effort is now leading to the manufacturing of wearable
devices for long-term blood pressure monitoring. Although
interesting commercial products have recently been pro-
posed, some technical and ergonomic challenges still remain
unmet. As described, the innovative chest apparatus proposed
in this work, designed and implemented to address some of
such issues, was able to record the PCG and PPG signals,
which can be processed to extract the PAT and the HR which
in turn, coupled with the Moens-Korteweg model, allow to
estimate the BP. While preliminary, the reported results
on 20 normotensive subjects, with an accuracy comparable
with traditional invasive methods, are promising and repre-
sent a starting point for future improvements, for example
transferring on-board the signal processing and analysis, and
further validation including hypertensive patients in a clinical
controlled study. Therefore, we consider that the proposed
device will be able to monitor the BP in an unobtrusive way,
allowing prolonged monitoring and avoiding discomfort to
achieve a better prevention and management of hypertension,
thus reducing the global burden caused by cardiovascular
diseases.
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