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Abstract— In recent years, extensive investiga-
tions have been geared toward finding unobtrusive
solutions for monitoring cardiorespiratory activity
as an alternative to traditional clinical methods.
Among others, the ones based on fiber Bragg
grating sensors (FBGs) reveal remarkable promise
for monitoring respiratory (RR) and heart rate (HR).
The present study investigates the performance
of a mattress based on a thirteen FBG-array for
HR continuous estimation. Firstly, a metrological
characterization was performed to assess system
characteristics under frequencies simulating typ-
ical HR values (i.e., 60 beats per minute -bpm-,
90 bpm, and 120 bpm). Then, the proposed device
was tested on eight healthy volunteers (both males
and females) in the presence of different breathing
stages (i.e., quiet breathing and tachypnea) and while mimicking common sleeping postures (i.e., supine, left side, and
prone). The assessment of HR measurements under different breathing regimes and postures has rarely been addressed
in FBG-based technologies. The achieved results suggest the proposed mattress has promising capability in reliably
estimating HR values. These results together with the ones obtained in terms of RR monitoring in a recent study reveal
the high potential for monitoring cardiorespiratory activity.

Index Terms— cardiorespiratory monitoring, fiber Bragg grating sensors, smart mattress, heart rate monitoring, unobtru-
sive monitoring

I. INTRODUCTION

IN the last few years, cardiorespiratory diseases have been
claiming an impressive number of lives worldwide, with

worrying statistics [1]–[4]. Cardiac arrest, stroke, chronic
obstructive pulmonary disease, and sleep apnea count among
the common pathological conditions in this area [5]–[9]. The
increase in population aging is one of the primary causes
of this global burden, as it heightens lifetime exposure to
risk drivers [10], [11]. Therefore, chronic illness incidence
stands to grow further in the upcoming decades, entailing the
inability of healthcare facilities to manage patients adequately.
In this framework, home monitoring can be a viable alter-
native for managing such pathologies, thus reducing hospital
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admissions and costs associated with their care [12]–[15].
This cutting-edge healthcare leads to continuous monitoring
of the health status, preventing the occurrence of adverse
events and tailoring treatment towards patient’s needs. As a
result, a great deal of research has been devoted to finding
unobtrusive solutions for monitoring cardiorespiratory activity
over traditional ones (i.e., electrocardiogram -ECG-, and direct
respiratory airflow measurements) [16]–[18]. In this scenario,
wearable and instrumented objects are gaining ground, as
huge numbers of scientific papers testify [16], [18]–[24].
Chest straps, soft patches attached directly to the skin, in-
strumented chairs, cushions, and beds can be found in the
literature involving the use of different types of sensors [25]–
[31]. Among others, instrumented mattresses are growing in
importance as they allow monitoring subjects in long-term
scenarios where the detection of physiological changes can
be paramount in preventing the outbreak of specific disorders
(such as obstructive sleep apnea) [32]–[40].

Fiber Bragg grating sensors (FBGs) are promising sens-
ing solutions proposed for developing such technologies and
tracking both respiratory (RR) and heart rate (HR) [22] from
the detection of chest wall deformations occurring during
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inhalation and exhalation phases of a breathing act and
thoracic vibrations in response to heart beating (known as
seismocardiogram -SCG- [41]). These physiological activities
cause periodic perturbation in the FBG output [22], [23]. The
adequate post-processing of signals may further obtain the
estimation of RR and HR via strain sensing with the same
device. This is one of the reasons for the FBGs success
in this field, along with their well-known advantages (e.g.,
biocompatibility, lightweight, small size, electromagnetic im-
munity, and multiplexing capabilities [42]). In recent years,
FBGs encapsulation in supporting materials (e.g., silicone
rubber, resin, and 3D printing materials) has been proposed
to customize developed devices according to the specific
application’s requirements and to increase their robustness,
overcoming the intrinsic fragility [43]–[47]. Although various
FBG-based wearable solutions exist, only a few explored the
possibility of monitoring HR together with RR. Moreover, it
is worth noting that their use requires proper wearability for
accurate measurements and may constrain the subject’s move-
ments. As a consequence the user’s acceptability might be
impaired in long-term applications. To overcome these draw-
backs, instrumentation of daily-use objects is often favored
[27], [32]–[36]. However, both in wearable and non-wearable
solutions, HR extraction is generally performed only during
apnea phases or under quiet breathing conditions, neglecting
estimation in the presence of altered breathing patterns (i.e.,
tachypnea), which can occur in cardiorespiratory diseases [22],
[27], [30]–[33], [47], [48].

Recently, we proposed the design, development, and feasi-
bility assessment of an instrumented mattress consisting of
multiple FBG sensors embedded in silicone materials for
RR estimation by mimicking different sleeping postures [35].
Subjects with different sex and anthropometric characteristics
were enrolled in the study, achieving promising results. In this
paper, we investigate the ability of the same technological
solution proposed in [35] but in continuous HR estimation
under different breathing conditions (i.e., quiet breathing -QB-
and tachypnea -T-) and sleeping postures. The FBG-based mat-
tress assessment on HR monitoring ability, combined with the
one already validated for RR estimation makes the proposed
system a valuable solution for cardiorespiratory monitoring.

II. FBG-BASED MATTRESS: SYSTEM DESCRIPTION,
WORKING PRINCIPLE, AND METROLOGICAL

CHARACTERISTICS

A. System description & FBGs working principle

The mattress, proposed in [35], lies in thirteen FBGs
optically inscribed in the same array (λB values over the
range 1512 nm - 1568 nm, each grating 10 mm long and
a distance edge-to-edge of 40 mm), individually encapsulated
within a circular-shaped silicone matrix of DragonSkinTM10.
Once produced, these thirteen elements were arranged in a
serpentine manner and sandwiched inside two further rectan-
gular silicone layers (DragonSkinTM30 for the bottom layer
and DragonSkinTM10 for the top layer) measuring 500 mm
x 400 mm, intended to fit the upper and mid-torso of the
lying subject. Moreover, two sheets of nitrile butadiene rubber

NBR

DragonSkinTM 10

Thirteen FBGs arranged in a 
serpentine manner 

DragonSkinTM 30

NBR

Fig. 1. FBG-based mattress consisting of thirteen FBGs arranged, one
layer of DragonSkin10, another one of DragonSkin30, and two closing
sheets of NBR.

-NBR- (500 mm x 800 mm) were attached to the lower and
upper mattress surface through a double-sided adhesive tape to
attain a more robust structure (see Fig.1). Further information
about the design and fabrication processes are described in
[35]. The sensing core element of the proposed solution is
FBG technology. Basically, an FBG consists of a short optical
fiber section modified to create a permanent periodic variation
of the refractive index along its length. This segment acts as a
specific wavelength resonator, reflecting a narrow spectrum
centered around the so-called Bragg wavelength (i.e., λB)
expressed as follows [49]:

λB = 2 · neff · Λ (1)

where neff denotes the effective refractive index of the fiber
core and Λ the grating period. When the fiber is thermally
or mechanically stressed, λB experiences a shift that can be
measured to trace the strain (ϵ) or the temperature variation
(∆T ) applied. In this study, temperature contributions on the
FBGs output can be assumed negligible compared to the one
due to the physiological activities as the temperature variations
present slow dynamics than the cardiac ones. Moreover, the
human body is not in close contact with the sensing elements
since the FBGs sensors are sandwiched by additional polymer
layers that may dampen the influence of the temperature on
the recorded signals (for more details see [35]).

Nevertheless, FBGs integration within flexible or rigid ma-
terials leads to the possibility of their use not only for strain
and temperature purposes but also as force sensors, such as
in this specific case. Since the mechanical properties of the
material selected for encapsulation can affect the metrological
properties of the overall sensing element, a characterization
process is required to assess them.

B. Metrological characteristics

When a subject lays down on the mattress, the force applied
on its surface is transmitted to the encapsulated FBGs inducing
a strain along the longitudinal axis of the grating and causing
a shift of λB . In [35], a static characterization process was
carried out to assess the force sensitivity (SF ) of each of the
thirteen FBGs encapsulated in soft circular matrices before
their integration in the final mattress structure. The results
obtained showed SF values ranging between 10 pm·N−1 and
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Fig. 2. (a) Positioning of the circular-shaped matrix embedding the
FBG between the upper and lower plate of the testing machine and
detailing loading and unloading phase of hysteresis loops. (b) Example
of hysteresis curve obtained from one of the thirteen FBG.

18 pm·N−1 (14 pm·N−1 of mean value and 2 pm·N−1 of
standard deviation). Considering the application scenario, the
RR and HR monitoring, also dynamic tests at frequencies
mimicking typical RR values have been performed in [35]
to assess the mean percentage hysteresis error (i.e., herr%),
yielding results always below ≤ 18%.
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Fig. 3. Mean percentage hysteresis error (i.e., herr%) and the related
uncertainty obtained for each FBG (from FBG1 to FBG13) and all the
simulated HR values (i.e., 60 bpm, 90 bpm, and 120 bpm).

In the present study, we also evaluated herr% at frequencies
simulating HR values of 60 beats per minute -bpm-, 90 bpm,
and 120 bpm to cover the proposed system when used as
device for cardiorespiratory monitoring. To perform hysteresis
analysis, each circular-shaped matrix embedding the FBG was

placed between the upper and lower plate of a testing machine
(model 3365, Instron®, Norwood, MA, USA), and loading and
unloading phases of each loop were performed as compression
tests between 0 N - 20 N and 20 N - 0 N, respectively
(see Fig.2). Seven hysteresis cycles were completed for each
frequency and for all the thirteen sensors. A sampling rate
of 100 Hz was set to collect both tensile machine and FBG
outputs. The percentage hysteresis error (i.e., herr%) was
calculated according to the following equation:

herr% =
∆λloading

B −∆λunloading
B

max(∆λloading
B )

· 100 (2)

where ∆λloading
B −∆λunloading

B represents the highest ∆λB

gap between the loading and unloading phase when the
same input force is applied, and max(∆λloading

B ) denotes the
maximum ∆λB reached during the loading phase. After, for
each FBG, herr% value was computed as the mean herr%
values across the seven loops for velocities mimicking HR
of 60 bpm, 90 bpm, and 120 bpm. The results in terms of
herr% and uncertainty obtained for each FBG and HR value
are reported in Fig.3. As can be seen, the maximum herr%
values were always lower than 20% for all HR values.
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Fig. 4. (a) Schematic representation of the experimental set-up con-
sisting of stiff surface, FBG-based mattress, benchmark instrument, PC,
and optical interrogator. (b) The simulated positions (i.e., S, LS, and P)
and performed protocol for each one.

III. FBG-BASED MATTRESS: FEASIBILITY ASSESSMENT
FOR HR ESTIMATION

Once the metrological characterization in terms of response
to cyclic force inputs at frequencies simulating typical HR
values, the feasibility assessment of the FBG-based mattress
was carried out as follows.
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Fig. 5. An example of a filtered ECG waveform, and upper SCG envelope from the most informative FBG sensor during 120 s of QB stage (left
side). A zoom in 30 s window of the ECG and SCG along with the related PSD (on the right side).

A. Experimental set-up and protocol

Eight healthy volunteers (three males and five females) were
enrolled in this study. The recruitment was accomplished in
adherence to the Declaration of Helsinki and after the ethics
committee approval of our institution (ST-UCBM 27/18 OSS).
The participants’ demographic and anthropometric characteris-
tics were collected and given as a mean and standard deviation:
27±3 years old, body mass of 67±15 kg, and height of
170±8 cm. The experiments were performed in a laboratory
environment, whereby the FBG-based mattress was initially
placed on a stiff surface (dimensions compatible with those
of a single bed). Each subject was invited to lie down on
this support while keeping relaxed on the mat and to follow
this protocol: 30 s of apnea, 6 min of QB, 30 s of apnea,
and 3 min of T. This protocol was repeated thrice for each
volunteer under three different sleeping postures supine -S-,
left side -LS-, and prone -P- positions (total acquisition of 30
min). During the experiments, the FBG-based mattress was
physically connected to an optical interrogator (i.e., si255,
Hyperion Platform, Micro Optics Inc., Atlanta, GA, USA) to
record its output at a sampling rate of 1 kHz. In the meantime,
a wearable chest band (BioHarness 3.0, Zephyr Technology,
Medtronic, Fridley, MA, USA) was used as a benchmark to
collect ECG and breathing waveforms at 250 Hz and 25 Hz,
respectively. Fig.4 shows in outline the experimental set-up
(a), the simulated positions, and the applied protocol (b).

B. Data Analysis

MATLAB was used to post-process data through a dedicated
algorithm. Firstly, the data were syncronized considering the
end-expiratory peak after apnea, for each subject. Then, ECG
data and FBG-based mattress were sorted according to the
position (i..e, S, LS, and P). For each of them, data were split
in two stages: a first part considering the 6 min of QB, and
a second part taking over the 3 min of T. Afterward, four
main processing steps were implemented for each position (S,
LS, and P) and condition (QB and T) to retrieve HR values
from both the benchmark system and FBG-based mattress and

assess performance. The following subsections detail each of
them.

1) Filtering process: ECG data were first-order Butterworth
filtered with a lower cut-off frequency of 0.7 Hz and a higher
one of 2 Hz to emphasize the R peaks in the traces (first
subplot on the left side in Fig.5). ∆λB signals collected from
the thirteen FBGs were processed using a third-order pass-
band filter with cut-off frequencies of 3 Hz -10 Hz for QB and
5 Hz - 10 Hz for T to obtain the SCG waveforms. The selection
of 5 Hz as a low cut-off frequency for T is warranted since,
during T, an overlap between the high-frequency respiratory
and lower-frequency cardiac components can occur. Then, the
envelope function was used to analyze the thirteen SCG signals
and identify the peaks associated with aortic valve opening
events that generally occur 200 ms after the R peaks on ECG
on the upper envelope trace filtered. Then, a first-order pass-
band filter (0.7 Hz and 2 Hz) was applied to the extracted
upper SCG envelopes (see second subplot on the left side in
Fig.5).

2) Automatic selection of the most informative FBG: Welch’s
estimator was used to calculate the power spectral density
(PSD) of all the thirteen ∆λB for each position and condition.
For HR estimation, only the FBG with the highest power
spectrum was considered, in accordance with [35].

3) Continous HR estimation: The filtered data from the most
informative FBG and those from ECG were split into sliding
windows of 30 s moving every 1 s and analyzed in the
frequency domain to estimate the PSD plots using Welch’s
overlapped method (see plots on the right side of Fig.5). For
each window, the frequency value at which the maximum
power occurred was identified (i.e., dominant frequency -
fmax) and HR values were extracted as follows:

HR = 60 · fmax (3)

Possible outliers in HR values considered as values greater
than two times the standard deviation from the mean were
identified and removed in both ECG and the selected FBG
signals.

4) Performance assessment: To evaluate the performance
of the FBG-based mattress in HR estimation for each subject,
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position (i.e., S, LS, and P), and condition (i.e., QB and T),
the mean absolute percentage error (MAPE) was calculated
according to:

MAPE[%] =
1

n

n∑
k=1

|HRmattress
k −HRref

k |
HRref

k

· 100 (4)

where HRmattress
k and HRref

k denote the HR values es-
timated in the k-th window for the FBG-based mattress and
reference, respectively, and n the number of windows. Further-
more, the agreement between the two systems was quantified
through the Bland-Altman analysis which provides the mean
of difference (MOD) and limits of agreement (LOAs). In this
analysis, HR values were considered separately in the two
breathing conditions (i.e., QB and T) and considering together
QB and T data, for each simulated position (i.e., S, LS, and
P).
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Fig. 6. MAPE values clustered in three bar plots according to the
simulated position (i.e., S, LS, and P). In each plot, values found are
reported for each subject and marked in different color bars for QB (pink
bar) and T (blue bar).

C. Results
MAPE values are shown in Fig.6 using bar plots (one for

each simulated sleeping position) where QB and T conditions
are marked by pink and blue bars, respectively. Considering
each body position, the best results were obtained for the
P position, where no considerable differences were found
comparing QB and T phases (maximum of 0.6 % both in

QB and T). Otherwise, a maximum MAPE of 1.0% for QB
and 2.6 % for T were found for the S position. It is worth
noting that, except for Subject #5 in QB and Subject #7 in
T, MAPE values are always <0.6% for QB and <1.0% for T.
Similar MAPE values were obtained in the case of LS (up to
1.1% in QB and 2.6% in T). Once again, except for Subject
7 in T, MAPE values were always <1.1%. However, results
reached under all three positions are promising. Moreover, we
can state that the proposed system showed better results in
QB than T. Indeed, no appreciable differences were found in
QP considering all three body positions (MAPE values always
<1%) while values in T are higher than two times the ones
obtained in QB (MAPE values <2.6 %).

As regards to Bland-Altman plots obtained for S, LS, and
P positions for QB (Fig.7a) and T (Fig.7b). MOD values were
comparable and close to zero along the three positions for both
QB and T. In QB, LOAs are similar across S, LS, and P (up to
2.0 bpm for LS). Worst LOAs values were achieved in T for
S and LS (up to 3.6 bpm). Instead, for P, similar values were
found for both QB and T. Table I summarizes the MOD and
LOAs obtained in S, LS, and P for QB and T and considering
the two combined conditions (QB+T), better performance was
experienced under P sleeping posture (-0.08±1.5 bpm).

TABLE I
BLAND-ALTMAN: MOD ± LOAS OBTAINED FOR S, LS, AND P

POSITION IN QB, T, AND CONSIDERING THE COMBINED CONDITIONS

(QB+T).

MOD ± LOAs [bpm]
QB T QB+T

S -0.08±1.9 -0.03±3.5 -0.07±2.5
LS -0.11±2.0 -0.30±3.6 -0.17±2.6
P -0.09±1.6 -0.08±1.4 -0.08±1.5

IV. DISCUSSIONS AND CONCLUSIONS

The FBG-based mattress appears as a valuable alternative
for long-term cardiorespiratory monitoring compared to con-
ventional methods. In a previous study, we reported its design,
development, and preliminary validation for RR estimation
[35]. This solution consists of thirteen FBGs embedded in
a circular-shape matrix and disposed serpentine-like within
four rectangular silicone and NBR layers for conferring more
robustness to the overall structure. The mattress dimension
and the sensors arrangement allow for monitoring individuals
exhibiting different heights, body mass and taking up various
postures.

In the present work, we investigated the possibility of esti-
mating HR to gather information about the device’s suitability
for simultaneously monitoring HR under breathing. The results
obtained, combined with those already studied in [35] for
RR monitoring, suggest a high capability of the proposed
device to fulfill as a system for cardiorespiratory monitoring
which is a key aspect in fostering the treatment and diagnosis
of chronic diseases. Before performing the validation of the
system performance on healthy volunteers, a metrological
characterization was carried out to assess herr% for each
FBG under velocities simulating typical HR values (i.e., 60
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Fig. 7. Bland-Altman plots showing the bias between HRmattress
i and HR

reference
i (i.e., ∆HR [bpm]) calculated for S, LS, and P positions

in QB (a) and T (b). In each plot, the MOD is reported with a continuous blue line and LOAs with dashed pink lines.

bpm, 90 bpm, and 120 bpm). This process establishes whether
the system can pursue periodic variations of the parameter in
question. Results showed a maximum herr% lower than 20
%. The hysteresis assessment is commonly neglected in stud-
ies dealing with mattresses for cardiorespiratory monitoring.
Compared to other FBG-based wearable devices, herr% values
obtained are comparable or even better than the ones reported
in [26], [31] (up to 25% in [26] and 30% in [31]). Then,
the feasibility assessment was accomplished by enrolling eight
healthy subjects (both males and females), invited to lie down
on the mat and simulate different breathing conditions (QB,
and T) in different postures (i.e., S, LS, and P) for a total
of 30 min of acquisition per each subject. HR investigations
with FBG technologies are usually performed when the subject
holds his breath since its estimation is facilitated by the a
priori exclusion of respiratory components [22], [30], [31],
[48]. Few studies include quiet breathing patterns, but over a
limited period [27], [32], [33], [47]. To date, the literature lacks
research proposing HR extraction during breathing conditions,
especially in tachypnea since the overlap between breathing
frequency components and cardiac ones in the signal output
occurs more heavily, making its estimation very challenging.
A first attempt was done in [26] with a soft patch, but
it was performed considering only 60 s of acquisition. No
studies exploring this aspect with instrumented mattresses
were found. Our investigation overcomes this limitation, as we
also considered tachypnea breathing stages, which may occur
in patients affected by chronic pathologies [18]. Furthermore,
women were also included in this study and in a higher rate

than men (5 vs. 3). For performance validation, this is quite
unusual since the enrollment generally includes men or at
least in a higher percentage than females [27], [28], [31]–
[33], [44]. To assess the feasibility of the proposed solution,
HR values were estimated also considering different sleeping
postures (i.e., S, LS, and P), unlike studies proposed in [27],
[33] carrying out experiments only in S position. Compared
to our previous study [35], we excluded HR estimation for
the right side position as in this case the heart is far from
the instrumented mattress surface. In the future, we envisage
implementing a posture recognition algorithm.

Data collected were automatically post-processed in the
frequency domain by computing the Welch’s method to firstly
select the most informative sensor (for each position -S, LS,
P- and breathing condition -QB, and T-) and secondly to
estimate HR by splitting the signal from the selected one
into sliding windows of 30 s moving every 1 s. The proposed
selection algorithm is the same implemented in our previous
work [35] for RR. As a result, in the future, both RR and
HR can be assessed using this approach, thereby reducing
the computational cost required for their evaluation. MAPE
values obtained were less than 1.1% in the case of QB for
all the simulated positions (Fig.6) better than the one found
in [30] obtained for an FBG-based chest strap during apnea.
Instead, in the case of T, MAPE reached up to 2.6% with
worse results in the case of S and LS postures. However,
it is worth noting that this value was achieved for only one
subject (see Fig.6) for both S and LS, for the others MAPE
was always below 1.5% (see Fig.6). Bland-Altman analysis
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suggests the reliability of the proposed device in monitoring
HR, with MOD values close to 0 and LOAs values lower than
3.6 bpm for T and 2.0 bpm for QB, outperforming the ones of
[32], [33] proposing the use of an FBG attached to a plexiglass
board for monitoring HR in S position (see Fig.7). Results
obtained considering both breathing conditions (i.e., QB+T)
reported LOAs up 2.6 bpm compliant with medical device
guidelines requiring values below 5 bpm for HR estimation
[50]. In general, better performance are achieved in P position
as obtained for RR in [35]. Overall, no significant differences
were found between male (volunteers n. 1, 2, 5) and female
subjects. Table II also reported other comparisons with similar
studies available in the literature based on mattresses for
HR monitoring. It includes for each of the listed work, the
proposed sensing technology, the number of subjects enrolled,
the acquisition time and the simulated body positions, the
performed analysis, and the presence of any reference device
to assess the proposed system performance together with the
main results. In this table, our solution was reported in the last
row for easy comparison.

The encouraging achievements reveal the potential of this
system for continuous HR measurements that combined with
RR measurements performed in [42] establish this device as a
promising sensing solution suitable for monitoring cardiores-
piratory activity. It is important to point out that the high price,
in some cases (e.g., in wearable solutions), and the bulkiness
of the interrogation unit can limit its widespread use in daily
life applications. However, in recent years, several advances
have been made to reduce its size together with the price, as
also testified by the small interrogators commercially available
on the market [23], [51], [52]. Although the performance of
the small instruments is still lower than bulky ones, we expect
powerful advancements in the next future. Moreover, the lim-
ited number of subjects enrolled requires further investigation
to corroborate these findings.
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TABLE II
COMPARISONS WITH OTHER SIMILAR STUDIES AVAILABLE IN THE LITERATURE BASED ON MATTRESSES FOR HR MONITORING.

Reference Sensing
technology

Number of subjects
enrolled;acquisition
time; body position
(if specified)

Analysis and
reference

device
Results

[32] One FBG attached
on a plexiglass board

12 healthy subjects

5 min of acquisition time

Supine position

Time domain analysis
to estimate HR
(peaks detection to find
the local maxima)

ECG used as benchmark
(Invivo, Gainesville)

Bland-Altman
(MOD±LOAs):
-0.01±1.82 bpm

[33] One FBG attached
on a plexiglass board

12 healthy subjects

5 min of acquisition time

Supine position

Time domain analysis
to estimate HR
(peaks detection to find
the local maxima)

ECG used as benchmark
(Invivo, Gainesville)

Bland-Altman
(MOD±LOAs):
0.01±1.64 bpm

[36] Twelve FBGs positioned
on the bed mattress surface NA*

Frequency domain analysis
(Fast Fourier Transform -FFT)
to estimate HR

Pulse oximeter used as benchmark
(NONIN – AVANT 4000)

NA

[37] Plastic optical fiber

10 participants

90 s of acquisition time

Supine position

Frequency domain analysis
(Power Spectral Density - PSD)
to estimate HR

Pulse oximeter used as
benchmark (YH303, Yuwell, China)

Absolute error
up to 3.4 bpm

[38]
EverOn (EarlySense,
Ramat Gan, Israel)
Piezoelectric sensors

37 children and 16 adults

1 min of acquisition
in sleep lab assessment

Position NA

42 patients

6 to 24 hours of acquisition in the
intensive care unit (ICU)

Supine positions

Time domain analysis (one-minute
measurements averaged and compared)
to estimated HR;

Polysomnography used as
a benchmark (RR Embla N700)
for in sleep lab

ECG used
as a benchmark (Datex/Ohmeda,
GE medical, Madison, WI, USA)
for ICU patients

HR accuracy of 94.4%
for adults and 91.4%
for children in the case
of sleep lab and 94.0%
for ICU measurements.

MAPE of 3% for adults
and 5% for children
in the case of a sleep
lab and equal to 3%
for ICU patients.

[39]
Air-filled pad
connected to a
pressure sensor

31 patients and 6 healthy
volunteers (mostly composed
by males)

Acquisition time NA

Position NA

Time domain analysis (one-night
averaged value of HR estimated)

ECG used as a benchmark
(recorded by Somtè
polysomnography system)

Bland-Altman
(MOD±LOAs):
0.8±3.5 bpm
(60% of data excluded
by the algorithm)

[40]
Emfit Ltd
(Vaajakoski, Finland)
Ferroelectric sensors

34 patients

1 h for each enrolled subject

Supine position

Frequency domain analysis
(PSD on overlapping
windows) to estimate HR

ECG from polysomnography
used as benchmark (Embla N700)

Bland-Altman
(MOD±LOAs):
0.03±4.4 bpm

Present study
13 FBGs encapsulated
in soft circular matrixes
of silicone rubber

8 healthy participants

30 min of acquisition time
for each subject (i.e., 10 min
for each posture by simulating
different breathing conditions:
30 s of apnea, 6 min of QB,
30 s of apnea, and 3 min of T)

Supine, right side,
and prone positions.

Frequency domain analysis
(PSD on overlapping window)
to estimate HR from the most
informative sensor.

ECG used as a benchmark
(BioHarness 3.0, Zephyr
Technology, Medtronic)

Bland-Altman
(MOD±LOAs):
Supine position
for QB:-0.08±1.9 bpm;
for T: 0.03±3.5 bpm)
Left side
for QB:-0.11±2.0 bpm;
for T: =-0.30±3.6 bpm
Prone position
for QB: -0.09±1.6 bpm;
for T: =-0.08±1.4 bpm

MAPE always lower
than 2.6% in all the
simulated positions
and breathing
conditions

*NA: not available
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