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Smart Mattress Based on Multipoint Fiber Bragg
Gratings for Respiratory Rate Monitoring
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and Carlo Massaroni

Abstract— Long-term monitoring of respiratory rate (RR) is of
great importance in people suffering from sleep-related breathing
disorders (SBDs). Instrumented mattresses are gaining the atten-
tion of several research groups to monitor this vital sign. Among
the existing sensing techniques, fiber Bragg grating sensors
(FBGs) show promise in this arena. In this article, we presented
a novel FBG-based smart mattress to monitor RR over time. The
proposed measuring system consisted of 13 sensing elements (SEs)
based on FBGs encapsulated in soft biocompatible rubber, totally
embedded in multiple silicone layers. Compactness, robustness,
and user comfort are the main advantages of our solution. The
mattress size and the arrangement of the 13 SEs were chosen to
allow monitoring subjects with different anthropometric parame-
ters and taking up different sleeping postures. Before the overall
system integration, each SE was subjected to static and dynamic
metrological characterization, a process often overlooked in fiber-
optic-based mattresses. Results showed a mean sensitivity to
force equal to 14 pm - N-! and a mean percentage hysteresis
error always lower than 18%. The feasibility assessment of
the system in RR monitoring was carried out on five healthy
volunteers taking up common sleeping postures (i.e., supine -S-,
right side -RS-, left side -LS-, and prone -P-) under two breathing
conditions (i.e., quiet breathing -QB-, and tachypnea -T-). RR esti-
mation showed a mean absolute error (MAE) always lower than
0.65 breaths/min. The promising findings proved the capability
of our smart mattress in monitoring RR over time, encouraging
the investigation of its performance in real-world scenarios.

Index Terms— Fiber Bragg grating sensors (FBGs), multipoint
monitoring, respiratory rate (RR), smart mattress, unobtrusive

monitoring.

S LEEP-RELATED breathing disorders (SBDs) are a grow-
ing health problem worldwide and the most prevalent

of all existing sleep illnesses, especially in the elderly
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population [1], [2]. People suffering from these pathologies
complain of troublesome sleep, often characterized by snoring
and prolonged obstructive apnea, resulting in a poor quality of
life and, in worst cases, even in depression [3], [4]. Numerous
scientific studies have also demonstrated a high incidence of
cardiovascular diseases (e.g., stroke and ischemia) associated
with SBDs, underscoring the severity of this issue [5], [6].
Obstructive sleep apnea syndrome (OSAS) is characterized
by recurrent blockage of the upper airway leading to oxygen
desaturation and awakenings in sleep [7]. Therefore, long-term
monitoring of respiratory waveform and respiratory rate (here-
after RR) can be of paramount importance in the prevention
and diagnosis of such diseases [8], [9].

Currently, polysomnography represents the gold standard
for the investigation and evaluation of SBDs, requiring
overnight patient hospitalization. It demands the placement of
several sensors and electrodes on the patient’s body to mon-
itor different physiological parameters including respiratory
pattern and RR [10], [11]. Nevertheless, this bulky instru-
mentation results in total discomfort for the patients and the
potential for unreliable measurements [12]. In the last years,
unobtrusive technologies are fostering increasing interest in
this scenario [1]. COVID-19 pandemic has boosted the trend
of unobtrusive and remote monitoring of patients’ health status
due to the limited access to hospital facilities [13]. The possi-
bility of monitoring patients in an unstructured environment,
without the presence of highly specialized equipment, and
avoiding the placement of cumbersome instrumentation on
the patient’s body makes unobtrusive techniques very attrac-
tive [14]. Both contact-based and contactless technologies have
been espoused in this field [15], [16], [17], [18]. Over the
past decades, among the existing unobtrusive technologies,
the development of instrumented mattresses for respiratory
monitoring gathered the attention of several research groups
and companies [19], [20], [21], [22], [23], [24], [25], [26],
(271, [281, [29], [30], [31], [32], [33], [34], [35], [36], [37],
[38], [39], [40], [41], [42], [43], [44], [45], [46]. In this
framework, a wide range of sensing solutions have been
explored including strain [21], [23], [34], [41], [42], [44],
pressure [20], [22], [24], [25], [26], [28], [33], [35], force [27],
[36], capacitive sensors [37], and different types of fiber-
optic-based systems [e.g., plastic optical fibers, Mach—Zender
interferometers, microbend fiber-optic sensors, and fiber Bragg
grating sensors (FBGs)] [29], [30], [31], [32], [38], [39], [40],
[43], [45], [46]. Unfortunately, these solutions encounter some
disadvantages involving several aspects, especially missing
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consideration of anthropometric variability among subjects in
the selection of mattress size, poor sensors integrability in the
measurement system, and disregard of metrological aspects at
the manufacturing stage.

Out of all proposed technologies, fiber optic sensors benefit
from some inherent advantages over electrical sensors for the
development of instrumented mattresses.

Among others, biocompatibility, reduced size, high flexi-
bility, inherent safety, long-term stability, humidity resistance,
high sensitivity, fast response time, and, above all, immunity
to electromagnetic fields. This latter feature makes optical
sensors suitable in clinical scenarios since they can operate in
harsh environments [e.g., magnetic resonance imaging (MRI)]
without interference. On the other hand, electrical sensors
typically lack all such qualities because of their low safety,
high electromagnetic disturbance capacity, poor stability, easy
deterioration and corrosion, and less performance, which
hardly qualifies them for long-term applications. Among dif-
ferent types of optical sensors, FBGs are gaining momentum
in a plethora of medical applications [47], [48]. Their rapid
spread is warranted not only by the countless peculiarities of
fiber optics, but also by their multiplexing capability allowing
them to accommodate a multitude of sensors within a single
fiber. Moreover, the FBG’s encapsulation into silicone rubbers
may increase their robustness and flexibility. In the literature,
instrumented mattresses based on FBG sensors account for
a small fraction of the several proposed [29], [30], [31],
[46]. The presented solutions include respiratory monitoring
during MRI by means of a single FBG on a plexiglass
board [30], [31] and the deployment of arc-shaped pressure
sensors placed directly on the bed surface [29]. A first attempt
at the development of FBG-based mattresses was carried out
also by our research group to investigate the feasibility of this
solution for RR monitoring [46].

Here, we reported a novel smart mattress based on mul-
tiple distributed sensing elements (SEs) consisting of FBGs
encapsulated in silicone rubber to measure RR over time.
The original solution presents a sandwich structure made
of different layers of silicone and nitrile butadiene rubbers
(NBRs), ensuring robustness, compactness, and high comfort-
ability of the device. Unlike other FBG-based solutions, our
design was conceived considering the anatomical variability
among subjects, allowing the instrumentation of the body
portions most affected by deformations caused by breathing.
Moreover, we assessed the response of each SE to force (F) in
both static and dynamic conditions, a praxis often lacking in
these kinds of solutions. Finally, we investigated the feasibility
of the smart mattress for RR monitoring on five healthy
volunteers and the influence of common sleeping postures (i.e.,
supine -S-, right side -RS-, left side -LS-, and prone -P-) and
breathing stages (i.e., quiet breathing -QB-, and tachypnea -T-)
on the performance of the proposed measuring system.

This article is structured as follows. Section II describes
the FBG’s working principle, the design and fabrication of
the SEs, and the metrological characterization process to assess
the F sensitivity values of each SE and their hysteresis error.
Section III reports the design and development of the smart
mattress embedding the 13 SEs and the feasibility evaluation
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Fig. 1. As an example, spectrum and A changes of one SE caused by
(a) presence of the body and (b) inspiration and expiration phases of the
breathing activity.

on healthy volunteers. Finally, Sections IV and V discuss the
results obtained and conclude by outlining the main remarks
of our study, limitations, and future perspectives.

II. FBG-BASED SES: DESIGN, FABRICATION, AND
METROLOGICAL CHARACTERIZATION

An FBG sensor works as a stopband filter imprinted inside
an optical fiber. During its manufacturing, a portion of the
optical fiber core is exposed to a variable pattern of intense UV
laser light, thus inducing a permanent periodic perturbation
of the effective refractive index (n.g) [49]. When a light
signal scans the optical fiber via an optical interrogator, the
periodic variation of nes leads to a reflection of narrow
wavelengths portion centered around the FBG operating wave-
length (i.e., Bragg wavelength, Ap), fulfilling the following
relationship [50]:

Ap =2 ner- A (1)

where A denotes the spatial grating period.

The working principle of FBG lies in a shift of Ap (here-
after Aip) caused by a mutation in A and neg. So, Adg can
occur when the fiber is exposed to strain (€) or temperature
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Fig. 2. Manufacturing steps of one of the 13 SEs consisting of (1) fiber clamping and pulling; (2) mixing Parts A and B; (3) vacuum degassing; (4) pouring
inside the mold; (5) 3 h curing time at room temperature; and (6) SE extraction.

variations (AT), according to the following equation [51]:

AN

)

where the first addendum relates to the effect of strain and
the second one to the influence of temperature on the optical
fiber. Focusing on the framework of our study, temperature
changes due to the physical presence of body parts on the
mattress are considered negligible compared to chest wall
deformations during breathing. Such consideration can be
assumed keeping in mind the different dynamics of the two
signals (i.e., breathing and temperature variations). Actually,
breathing content may be assumed to be a periodic signal,
whereas body temperature variations can be considered a
quasi-static signal. Moreover, it is worth noting that each
SE was enclosed within a higher layer of silicone rubber
and subsequently covered with nitrile rubber (as detailed in
Section III-A) and, thus, out of direct contact with the human
body. The SE output is influenced by both the body weight of
the user lying on the surface and the breathing activity (see
Fig. 1). The presence of the body causes a precompression of
the SE and in turn a shift in the reflected spectrum (Condition
1) with respect to the initial state (Condition 0) [Fig. 1(a)].
In addition, the expiratory and inspiratory phases of breathing
act on the SE causing changes in its output. In particular,
during inspiration, the chest expands because of air inhaling,
resulting in a squeezing of the SE with a consequent strain
increasing A [from Ag to Ajinsp; see Fig. 1(b)] and a shift (i.e.,
Alp) in the reflected spectrum from Agg t0 Agiinsp (AB1insp >
Apo)- Then, during the expiratory phase, the chest shrinks due
to the air exhalation: in this phase, the SE releases resulting in
a decrease of the Ajexp and consequent Ap shift from Apiingp

t0 Apiexp (AB0 < Aplexp < ABlinsp) in the reflected spectrum
[see Fig. 1(b)].

+ ”effﬁ] AT A. Design and Fabrication

An array of multipoint FBGs was used for the development
of the proposed smart mattress. The commercial array con-
sisted of 13 polyimide-coated FBGs, each 10 mm long and
spaced 4 cm apart with A1 ranging from 1512 to 1568 nm
and reflectivity values within 91% and 94% (AtGrating
Technologies, Shenzhen, China). Before the whole mattress
manufacturing, 13 SEs were produced. Ad hoc 3D molds were
designed in a CAD environment (OnShape, PTC Inc., Boston,
MA, USA) and then printed in polylactic acid (PLA) using a
3D printer (Ultimaker S24-). The mold consisted of a circular
hole (with a diameter of 22 mm and a thickness of 2 mm)
fashioned to fit the desired shape, two rectangular cavities to
facilitate the clamping of the optical fiber inside the mold,
and two flaps for facilitating the removal of the SE when ready
[as detailed in Fig. 2(1)]. The optical fiber was clamped within
the rectangular cavities of each mold ensuring the position of
the FBG in the middle of the circular hole. The fiber was then
pulled to avoid undesirable bending during the pouring phase
of the silicone rubber. Once the FBGs were properly placed
[Fig. 2(1)], Parts A and B of a DragonSkinl0 were mixed in
the same weight quantity [Fig. 2(2)] as suggested by the man-
ufacturer, degassed to eject the air bubbles inside [Fig. 2(3)],
and poured inside the mold [Fig. 2(4)]. A 3-h curing
time was required for rubber polymerization [Fig. 2(5)] after
which the polymeric matrix was safely released from the mold
[Fig. 2(6)]. This procedure was carried out 13 times to obtain
the 13 SEs. At the end of the fabrication, the fiber with
the 13 SEs was extracted. Since the FBGs are intrinsically
strain sensors, this stage of fabrication allowed us to employ
SEs as force ones.
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Fig. 3. Testing machine and positioning of the SE on its lower plate.

B. Metrological Characterization

Each SE underwent a metrological characterization process
separately, both static and dynamic. Compression tests were
performed by means of a testing machine (model 3365,
Instron,! Norwood, MA, USA) equipped with a load cell (full-
scale value 500 N and accuracy of £0.25% of the reading
value).

Static tests were carried out to evaluate the response of
each SE to an external F' and calculate its sensitivity. After
placing the SE on the lower plate of the machine (as evidenced
in Fig. 3), F in the range 0-20 N was applied with the upper
plate at a displacement rate of 1 mm - min~!' to simulate
quasi-static condition. Six compression tests were repeated to
further investigate the mean sensitivity and relative uncertainty.
During the tests, F values were recorded at a sampling rate
of 100 Hz, and simultaneously SE response in terms of
Alp was acquired at the same sampling rate through an
optical interrogator (si255, Hyperion Platform, Micro Optics
Inc., Atlanta, GA, USA). Later on, data were postprocessed
in a MATLAB environment to obtain the calibration curve
(AAp vs. F). Aldp trends as a function of F were obtained
for each compression test. The averaged values of Alp
and the related uncertainty across the six compression tests
were obtained. The uncertainty was estimated considering the
T-student distribution with five degrees of freedom and a
confidence level of 95%. The sensitivity to F of each SE
(i.e., Sp) was estimated by fitting data with a linear model
and the interpolation goodness was evaluated in terms of
correlation coefficient (i.e., R?), reported in Table I. The results
obtained show Sy values ranging between 10 pm - N~! and
18 pm - N~! with R? equal or even greater than 0.99. The
calibration curves for all SEs (from SE1 to SE13) are reported
in Supplementary Materials.

Dynamic tests were performed to calculate the hysteresis
errors. Each SE underwent nine cyclic compression tests
(each consisting of a loading phase 0-20 N and an unloading
phase 20-0 N) at four frequencies mimicking four different
RRs (i.e., 12, 24, 36, and 60 breaths/min). These frequency
values were chosen to simulate normal breathing stages
(QB and T) [52] as well as RR outside the normal physi-
ological range (i.e., 60 breaths/min). Both F and AAp data

IRegistered trademark.
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TABLE I
FORCE SENSITIVITY VALUES AND CORRELATION COEFFICIENTS

SE  Spg [pm- N71] R?

1 15 0.997
2 12 0.991
3 11 0.996
4 14 0.993
5 12 0.993
6 16 0.995
7 18 0.994
8 17 0.990
9 14 0.985
10 10 0.997
11 13 0.993
12 13 0.998
13 12 0.988
(@) 12 breaths/min (b) 24 breaths/min

20 20
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Fig. 4. Hysterr% and its uncertainty obtained per each SE at all the
simulated RRs (i.e., (a) 12, (b) 24, (c) 36, and (d) 60 breaths/min).

were acquired at a sampling rate of 100 Hz. After the data
collection, the central seven cycles were considered to cal-
culate the hysteresis error (Hyst,, %) as the ratio between the
maximum distance value in terms of A4z between the loading
and unloading phases at the same force input (Ailoadmg
Altgnloadmg) and the maximum AZAp of the loading phase
max (Ailgadmg) for the given compression cycle, according to
the following:

Ailgading _ Allunloading

max(A Aloadmg)

Hyst,,.% = - 100. 3)

err

The mean percentage hysteresis error (Hyst, %) for all
RRs was calculated as the average of the Hyst,, % values
across the seven cycles. The relative uncertainty was esti-
mated as previously for the static calibration curves (T-student
distribution, six degrees of freedom, and confidence level
of 95%). In Fig. 4, we report the mean percentage hysteresis
error for each SE (distinguished by different colors, from
blue to red) at 12 breaths/min [Fig. 4(a)], 24 breaths/min
[Fig. 4(b)], 36 breaths/min [Fig. 4(c)], and 60 breaths/min
[Fig. 4(d)]. Results showed Hyst, % always lower than
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approximately 18% and similar values at the different
simulated RR.

III. SMART MATTRESS: DESIGN, DEVELOPMENT,
AND VALIDATION

After the metrological characterization of the SEs, we first
developed the multilayers smart mattress and then feasibility
assessed it in-lab on healthy volunteers.

A. Design and Development

The proposed smart mattress was geometrically designed to
be suitable for use on subjects of different stature and anthro-
pometry and to fit the beds commonly used for clinical and
home care use. According to [53], the longer side dimension
was chosen considering the literature-available body anthropo-
metric proportions between upper-mid trunk height (4,) and
the total height (k) [53]

hy =0818-h —0.530-h =0.288 - h 4)

where 0.818 - & refers to shoulder-foot height, and 0.530 - &
the lower trunk, upper, and lower leg height. By assuming
that the upper and mid compartment of the trunk are the most
affected by deformations caused by breathing activity [54],
we decided to develop a rectangular-shaped mattress with
dimensions of 500 x 400 mm ensuring that almost the
entire h, is resting on the mattress (even in the case of
190 cm tall subjects and different body posture assumed
during sleeping). To develop the smart mattress, several man-
ufacturing processes have been carried out to realize the
sandwich structure and assemble the four layers of different
materials. The first layer of the proposed mattress consisted of
a 1 mm-thick silicone rubber DragonSkin30. This layer served
as a support surface for the fiber and SEs integration. Before
silicone pouring, 13 3D-printed circular molds (22 mm in
diameter and 1 mm in width) were arranged on rigid plywood
support at the intended locations for SEs placement to leave a
cavity for their housing [Fig. 5(a)]. These molds were arranged
to reproduce a serpentine pattern that allows SE distribution
over a large area, thus fostering RR monitoring even in the
case of different postures and subjects with different anatom-
ical characteristics. Likewise for SEs, the two DragonSkin30
components were mixed in the same proportions, degassed,
poured, and cured at room temperature for 16 h, as suggested
in [55]. After the curing phase, the layer was peeled off and
flipped back from the side where the cavities appeared after the
circular molds removing [see Fig. 5(b)]. Before moving on to
the next steps, the noninstrumented extremities of the optical
fiber array were reinforced with a 900-um Teflon jacket and
connected to MU/APC adapters allowing the link of both ends
to the optical interrogator. At this stage, the fiber with the SEs
was laid out in a serpentine pattern. Each SE was plunked
into the previously created holes by dropping SE1 (i.e., the
one with the lowest Ap) into the bottom of the rectangular
layer and arranging the rest accordingly [see Fig. 5(c)]. Then,
a second 2 mm-thick layer of DragonSkinl0Q rubber was
added to ensure the successful embedding of all SEs inside
[Fig. 5(d)]. The manufacturing process was performed for
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Fig. 5. Smart mattress manufacturing process. (a) Placement of rigid
plywood support with edges and 13 molds for fabrication of the first layer
of DragonSkin30. (b) Layer flipping on the cavity side. (c) Arrangement
of 13 SEs in a serpentine pattern. (d) Pouring of DragonSkinl0 for top layer
fabrication. (e) Different layers of the smart mattress. (f) Photograph of the
smart mattress ready to be validated.

the first layer. DragonSkinl0 was used to form the mat’s
top layer (i.e., the one closest to the human body), while
DragonSkin30 was for the bottom one (i.e., the one furthest
from the body). DragonSkinl0 allows better transmission of
breathing-related deformations to the SEs, being more flexible
than DragonSkin30, and prevents their mechanical dampening
on the bottom surface. Later on, two layers of NBR measuring
500 x 800 mm were added to the previous layers and bonded
together using double-sided adhesive tape [see Fig. 5(e)]. The
final smart mattress ready to be validated is shown in Fig. 5(f).

B. Feasibility Assessment on Healthy Volunteers

1) Experimental Setup: To investigate the performance
of our proposed smart mattress in monitoring RR, five
healthy volunteers (two men and three women) were enrolled.
Recruited subjects met the following characteristics: age rang-
ing from 24 to 33 years old, body mass between 52 and 96 kg,
and height in the range of 160-187 cm. The mattress was
placed on a rigid support, and each volunteer was asked to
lay his/her torso on it. Before getting started, each subject
wore a chest-level wearable system (BioHarness 3.0, Zephyr
Technology) used to collect reference respiratory signals at
a sampling frequency of 25 Hz during the trial. The smart
mattress was connected by means of two fiber-optic patch
cables single mode (LC/PC to MU/PC) to the optical inter-
rogator (si255, Hyperion Platform, Micro Optics Inc., Atlanta,
GA, USA) and FBGs’ output was recorded at a sampling rate
of 1 kHz. The experimental protocol consisted of 28 min of
consecutive acquisition time, during which the subject changed
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Fig. 6. (a) Experimental setup employed during the experiments. (b) Filtered
trends of reference and selected SE during QB in S position during 60 s
of acquisition. (c) Filtered trends of reference and selected SE during T in
P position during 60 s of acquisition.

four positions (i.e., S, RS, LS, and P) every 7 min [Fig. 6(a)].
For each position, the volunteer was instructed to perform 30 s
of apnea, 4.5 min of QB, 30 s of apnea, and 1.5 min of T,
timed using a stopwatch. Furthermore, the optical interrogator
was connected to a PC via LAN cable for both displaying the
Alp of each sensor during the entire acquisition in real-time
through a dedicated developed algorithm in MATLAB and
saving data.

2) Data Analysis and Results: Data processing was carried
out in MATLAB. Data collected from the reference device
and FBGs were synchronized in the first phase, considering
the minimum peak of the first apnea performed by each
subject at the beginning of the test. Both reference and FBG
signals were filtered with a first Butterworth bandpass filter
with low and high cut-off frequencies of 0.01 and 1 Hz,
respectively, to emphasize breathing-related contributions [46].
Subsequently, data were unpacked and sorted according to the
taken up position (i.e., S, RS, LS, and P) and the simulated
breathing conditions (i.e., QB and T) to assess the smart
mattress under the different proposed conditions. Moreover,
Alp collected by each FBG were undersampled at the same
frequency as the reference device (25 Hz). To estimate RR per
each subject, position, and condition, it is possible to adopt
two different analyses. The first one involves processing the
smart mattress collected data in terms of estimated F from
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the Sr values of each SE, and the second one consists of
directly processing Alp data. Supplementary Materials report
the details of the first method and the related results. Here,
we present and discuss the results obtained for the second
analysis carried out since it allows for better performance. For
this purpose, the following steps were performed.

1) All the spectra of the 13 Aip were computed by using

Welch’s overlapped segment averaging estimator. Only
the AAp with the highest power was chosen for the next
steps.
As an example, Fig. 6(b) and (c) shows the filtered
trends of the reference instrument and the selected SE
during 60 s of QB in the S position and T in the
P position, respectively, collected from two of the vol-
unteers enrolled in our study. Supplementary Materials
report other time graphs collected during one of the
experiments.

2) Both the selected SE and the reference data were
processed by splitting the signals in sliding windows
of 30 s length moving every 1 s. In each window, power
spectral density (PSD) plots were estimated by means of
Welch’s method.

3) Per both the PSDs, the maximum frequency peak ( fimax)
was identified, thus obtaining the RR values of both
reference (RR™) and selected SE of the mattress
(RRMatress) for each window via the following equation:

60 )

1/ finax

This analysis provided 240 values of RR™ and RRMatress

each in the case of QB (4.5 min of acquisition time) and
60 values in case of T (1.5 min of recording time).

To quantitatively evaluate the performance of our smart
mattress compared to the reference instrument, the mean
absolute error (i.e., MAE) was evaluated for all the positions
(S, RS, LS, and P) and the simulated conditions (QB and T),
as expressed in the following relationship:

RR =

N
MAE = % Z‘RRkMalLress _ RRief’ (6)
k=1
where N represents the number of the considered windows,
and RRM*™ and RRY the respiratory frequency values
estimated by the smart mattress and the reference instrument in
the kth window, respectively. Fig. 7 reports the MAE related to
QB and T found for all the subjects enrolled and each position
(i.e., S, RS, LS, and P). Results reveal MAE is always lower
than 0.24 breaths/min in QB and 0.65 breaths/min in T. As evi-
denced by Fig. 7, the obtained MAE values are comparable
under conditions of QB and T for the four positions. Marked
differences are evident only for subjects 4 and 5 in LS and P
across the two simulated breathing conditions (QB vs. T).
As an additional metric for performance assessment, the
mean percentage absolute error (i.e., MAPE) for each con-
dition, position, and subject enrolled was also calculated as
follows:

N Mattress ref
1 RR —RR
MAPE [%] = — > [RR; k ‘-100.
N k=1

RR}!

@)
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Fig. 8 reports the MAPE values for QB and T conditions,
in each position (i.e., S, RS, LS, and P) for all the five subjects
enrolled. Results show a maximum MAPE of 1.6% in QB
and 2.0% in T.

Finally, a Bland—Altman analysis was carried out to assess
the agreement between our system and the reference one, con-
sidering RR values estimated in both conditions (QB and T)
and for each position (S, RS, LS, and P) (see Fig. 9). The
mean of differences (MOD) and limits of agreements (LOAs)
allowed us to quantify the bias between RRM4" and RR™'.
Table II reports the MOD + LOAs obtained considering both
QB and T for all the postures taken up by the volunteers. All
the MOD values close to zero prove the strong performance of
the proposed solution. Moreover, LOA values are comparable
in all the positions (always lower than £0.99 breaths/min) with
slightly higher values in LS.

IV. DISCUSSIONS

In this study, we presented a novel smart mattress based
on 13 SEs embedding one FBG each for RR monitoring over
time. The proposed solution has numerous points of novelty in
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TABLE II

BLAND-ALTMAN: MOD £+ LOAS OBTAINED
CONSIDERING BOTH QB AND T

Position  MOD =+ LOAs [breaths/min]
S 0.0140.74
RS -0.02+0.78
LS 0.0140.99
P -0.02+0.69

terms of design, manufacturing, and characterization. First of
all, the use of distributed soft SEs made of silicone rubber has
been successfully exploited for the development of a sensing
mattress. Unlike other proposed solutions in the literature in
which the fiber was only attached to a bottom material [29],
[30], [31], [32], [40], [43], our design allowed the complete
integration of optical fiber inside multiple silicone layers,
thus conferring compactness, high robustness, and resistance
to unwanted breakage without compromising the sensitiv-
ity to the strain-induced breathing movements, even in the
presence of heavy body mass. Moreover, the fiber embed-
ding between two silicone layers with different stiffnesses
(i.e., DragonSkin30 for the bottom layer and DragonSkinl10
for the top layer) prevented potential strain damping through
the material. Second, the mattress dimensions were chosen
taking into account literature-available body anthropomet-
ric proportions to tackle inter-subject anatomical variability
(as detailed in Section III-A) which is pretty uncommon in
other solutions and to potentially extend the use of our mattress
on a very wide population with different statures taking on
the most common sleeping postures. The use of multiple
sensors and their serpentine arrangement allow SE distribution
over a large surface in contact with the upper and middle
portions of the trunk, ensuring at least one sensor can detect
RR, regardless of the position taken. This is very important
in long-term applications (e.g., during sleeping) since it is
plausible that the subject switches his/her position in the bed
(such as those simulated in this work). In the literature, some
studies proposed the instrumentation of too wide surfaces
as the entire bed [29], or too narrow with a single FBG
on a plexiglass board as in [30] and [31]. Our approach
overcomes these limitations as it offers the instrumentation of
the areas most exposed to deformations caused by breathing.
Compact systems with reasonable dimensions were, instead,
encountered in [38], [43], and [45], although the choice
of proposed size was not supported by the authors. Third,
before developing the smart mattress, both static and dynamic
metrological characterizations were pursued to assess the Sr
and Hyst, . % of each SE, neglected aspects in available studies
dealing with fiber optic sensing mats. The linear response
of all the SEs suggests a satisfactory adhesion between the
fiber and the silicone material; moreover, Sy values were
comparable among the manufactured SEs, with a mean value
of 14 pm - N7 and a standard deviation equal to just
2 pm - N-!. The differences in Sy values found across the SEs
can be attributed to a lack of reproducibility in the fabrication
process (e.g., the insufficient pulling force of the optical
fiber or small deviations in the FBG positioning within the
silicone rubber) and the possible dissimilar interface bonding
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Fig. 9.

Bland—Altman analysis plots for each position (S, RS, LS, and P). In the y-axis, the ARR [breaths/min] (calculated as RRkMZmress — RR}ff) and in

the x-axis, the mean RR. In each subplot, MOD is reported with a black continuous line, while LOAs with blue continuous lines.

between the optical fiber and the silicone material. This value
is slightly lower than the one of an FBG-based force sensor
embedded in a soft rubber (i.e., DragonSkin30) presented
in [56] and metrological assessed over a broader range of F
(i.e., 0-40 N). The dynamic tests mimicked the scenario
of interest by simulating different breathing conditions
(i.e., 12, 24, 36, and 60 breaths/min). Hyst.,% values were
always lower than 18%. This result is comparable to or
even lower than others obtained in FBG-based wearable sys-
tems [57], [58], attesting to the reliability of the proposed
system in monitoring breathing phases. Comparing our results
with those of fiber optic-based mattresses, only two studies
accomplished the metrological process: in one instance only
in terms of static response [29], whereas, in the second,
repetitive loading cycles are exclusively used to verify the
zero-pressure level changes [39]. In [29], although FBGs
were employed, the authors did not report the Sr values
obtained but only the calibration curve which resulted in
linear. This behavior agrees with all the calibration curves
we obtained with our SEs. The proposed smart mattress was
initially assessed on five healthy volunteers of both sexes
in the most common sleeping postures (S, RS, LS, and P)
and during different breathing conditions (QB and T) for
a total acquisition time of 28 min/subject. Raw data were
automatically processed in the frequency domain to first select
the most informative SE and then to estimate RR values from
its signal with an update time of 1 s. We want to point out that
the RR time series were not cleaned for removing outliers. Our
system showed an MAE always lower than 0.24 breaths/min
in QB and 0.65 breaths/min in T for all positions with a very
wide range of measured RR between 8 and 53 breaths/min
(see Fig. 8), outperforming other similar studies carried out
during QB as [38] (0.24 vs. 0.38 breaths/min) and [22]
(0.24 vs. 0.59 breaths/min). The higher MAPE was 2.0%

which is less than half of the values reported in other
studies dealing with fiber-optic mattresses [30], [31], [32],
[45] and half of the one reported for a commercial mattress
based on piezoresistive sensors [21]. Bland—Altman analysis
revealed MOD close to zero in all the conditions and LOA
values comparable in all the sleeping positions, lower than
1.4 breaths/min achieved by [43], 1.5 breaths/min reported
in [40], and 4.5 breaths/min in [38]. Instead, comparable LOAs
were obtained in [30] and [31] with RR estimated in the time
domain and a narrow range of RR (6-32 breaths/min) in the
S position than ours. Compared to mattresses instrumented
with other sensing technologies, our results outweigh those
reported in [22], [34], and [35]. Ranta et al. [22] reported
LOAs equal to 2.36 breaths/min for an RR range between
10 and 22 breaths/min, more than two times higher than
the worst we obtained (i.e., 0.99 breaths/min for LS). For
a piezoresistive mattress, in [34], we found MOD £ LOAs
equal to —5.6 £ 21.5 breaths/min in the case of S position,
far from those we obtained in this study on a comparable
number of subjects and simulated RR. Worse results in terms
of LOAs were also found in [35] for a pressure mattress
with LOA values up to 2.08 breaths/min among the same
simulated positions (S, RS, LS, and P) in a narrow RR range.
Table SII, in Supplementary Materials, also provides further
details on the proposed comparisons and other available bed
sensors, including some commercially available, used for RR
monitoring. Moreover, ARR values through the whole range of
RR measurements suggest the absence of proportional bias in
any condition, although such a finding requires a larger sample
size to be confirmed. This emphasizes the advantages offered
by the multipoint measurement of breathing-induced force and
the adequacy of the user- and position-independent automatic
selection of the most informative SE. Furthermore, similar
results were obtained on both male and female volunteers.



DE TOMMASI et al.: SMART MATTRESS BASED ON MULTIPOINT FIBER BRAGG GRATINGS

V. CONCLUSION

In conclusion, this article reports our research regarding the
design, fabrication, metrological characterization, and in-lab
assessment of an FBG-based mattress conceived for RR
measurement. The complete integration of the 13 SEs (each
encasing an FBG) within several layers of silicone material
overcame the optical fiber’s inherent fragility and afforded
comfort to the user. Moreover, the adoption of FBG technology
allowed for deploying a multisensor approach, thus monitoring
subjects with different anthropometric characteristics and tak-
ing different sleeping postures. The promising findings support
the suitability of the proposed system to detect RR in a wide
range of applications and scenarios. Nevertheless, our study
presented some limitations. The first lies in the high cost
and bulky dimensions of the interrogation system necessary to
enlighten the fiber and pick up the signal from FBGs. Other
limitations concern the small number of recruited subjects and
the in-lab validation. Therefore, future studies plan to increase
the sample size to strengthen the performance analysis of
the proposed solution in detecting RR and other respiratory
variables. Additionally, we envisage testing smart mattress
performance in real-world scenarios (i.e., home settings or
hospital wards) and in-long term applications (i.e., during
sleeping). In our future analyses, we intend to include bench-
marking the proposed system against a reference instrument
used in clinical settings (e.g., polysomnograph) and imple-
ment algorithms to detect breathing-unrelated movements and
mitigate their effects on RR estimation over time.
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