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Abstract: This work presents a stretchable elastomer optical fiber sensor incorporated into a
belt for respiratory rate (RR) and heart rate (HR) monitoring. Different materials and shapes of
prototypes designed were tested in terms of performance and the best choice was identified. The
optimal sensor was tested by 10 volunteers to evaluate the performance. The proposed elastomer
optical fiber sensor can achieve simultaneous measurement of RR and HR in different body
positions, and also ballistocardiography (BCG) signal measurement in the lying position. The
sensor has good accuracy and stability, with maximum errors of 1 bpm and 3 bpm for RR and
HR, respectively, and average weighted mean absolute percentage error (MAPE) of 5.25% and
root mean square error (RMSE) of 1.28 bpm. Moreover, the results of the Bland-Altman method
showed good agreement of the sensor with manual counting of RR and with electrocardiogram
(ECG) measurements of HR.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cardiovascular diseases (CVDs) are the main cause of death worldwide, and thus, they constitute
a heavy burden on global health systems [1]. Early detection of CVDs is essential, which can
effectively slow down the course of the disease. The monitoring of cardiorespiratory activity
offers crucial information for preventing health problems, thus promoting the early diagnosis and
treatment of cardiovascular and respiratory diseases, such as stroke [2], heart attacks [3], and
asthma [4], which account for the death of 22 million people annually including children, adults
and elderly people [5]. The respiratory rate (RR) and heart rate (HR) are critical parameters in
assessing cardiorespiratory functionalities due to the early warning for serious cardiorespiratory
diseases [6].

Until now, the gold standard for heart rate monitoring is the electrocardiogram [7], while
respiratory rate is monitored by impedance pneumography [8]. These methods are normally
used for monitoring cardiac and respiratory frequency during hospitalization, with some
cardiopulmonary diseases already early warning [9]. However, devices for clinical monitoring
have limitations in several use scenarios since they do not allow long-term monitoring in daily
life. Fortunately, new frontiers in health monitoring have been recently opened due to the Internet
of Things revolution. Different technologies are investigated as wearables for cardiorespiratory
monitoring, such as strain sensors based on conductive nanomaterials such as carbon nanotubes
[10], graphene [11] and nanowires [12], which respond to mechanical deformations by various
resistance or capacitance. These electronic sensors are capable of monitoring cardiorespiratory
activity but suffer from electromagnetic interferences and electrical safety issues [13].

The rapidly growing optical fiber sensing technology has been investigated for cardiorespiratory
monitoring, showing the advantages of immunity to electromagnetic interferences, inherent
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electric safety, and excellent multiplexing capabilities [14]. Junior et al. presented a polymethyl-
methacrylate (PMMA) plastic optical fiber wearable sensor for the simultaneous measurement of
RR and HR, that was based on a polished fiber acting as a curvature sensor to collect the RR and
HR by measuring the optical power attenuation caused by the rate of the curvature differences
of the wearable part [15]. Xin et al. reported a ZEONEX polymer optical fiber Bragg device
embedded in silicone rubber substrate placed on the wrist, to detect heart and respiration rates
[16]. Tavares et al. also reported a silica optical fiber Bragg grating embedded in 3D mode
as a wearable device for RR and HR monitoring during normal breathing and apnea [17]. To
improve the comfort and compactness of the device, Leal-Junior et al. combined sensors with
fabrics as smart textiles [18] and investigated multifunctional performance [19], Aitkulov et
al. designed smartphone-POF smart textile sensors [20,21], and Issatayeva et al. proposed
FBG arrays embedded into elastic belt [22] for RR monitoring. However, most of these optical
fiber wearable sensors have been fabricated from glass (silica [17,23]) and stiff plastics (PMMA
[15,24], ZEONEX [16,25], etc.). These materials have a relatively high Young’s modulus,
typically larger than 1 GPa, which practically limits their potential for integrating into clothing so
fibers with lower Young’s modulus would be desirable for monitoring human physiological and
body function. Guo et al. reported an stretchable dye-doped polydimethylsiloxane optical fiber
integrated in the body to monitor various human activities which lead to large strain variation,
such as joint motion, speaking, and deep breathing, although it is not sufficiently sensitive for
cardiac monitoring [26].

In this work, we design an optical fiber sensor consisting of one elastomer optical fiber section
between two multimode silica optical fibers, which shows excellent sensitivity and durability.
This structure greatly improves the mechanical properties of the optical fiber and increases the
feasibility and safety of integrating the optical fiber with fabric. A variety of prototypes are
designed, fabricated and tested in order to identify the best model, which was integrated in a
belt to allow simultaneous precordial RR and HR signal monitoring and blastocardiography
(BCG) signals. Finally, we test the performance of the belt on 10 volunteers, compare RR and
HR measurements in various positions, and analyze the accuracy, stability, and agreement with
reference methods of the results.

2. Methodology
2.1. Sensor design and fabrication

The sensing probe is based on two thermoset multimode silica optical fibers with an elastomer
optical fiber, as depicted in Fig. 1. The bare silica optical fibers are fragile and have a large
Young’s modulus, i.e. a magnitude in the order of GPa, which means that exhibit high tensile
resistance [27]. By contrast, the elastomer optical fiber is made of elastomer tube filled with
polydimethylsiloxane (PDMS) which are materials with much smaller Young’s modulus, i.e.
10 MPa [28] and 1 ~ 3 MPa [29], respectively. Therefore, the addition of elastomer optical fiber
improves the flexibility and extensibility of the sensor, allowing to meet the requirements for
subsequent RR and HR monitoring.

The multimode silica optical fibers have a core diameter of 62.5 um, and a cladding diameter
of 125 um. After cutting them, they were processed to remove the cladding over 10 mm long
section for subsequent insertion of the fiber core into the elastomer tube. The PDMS requires a
curing agent as a mixture in a ratio of 10:1 by weight and a standing time of 40 minutes. After
the PDMS had been completely degassed, it is injected into a 30 mm long silicone elastomer
(Cole-Parmer silicone tube with an inner diameter of 0.3 mm and an outside diameter of 0.64
mm). Then, both bare silica optical fiber cores are inserted into each end of the elastomer tube.
For high quality sensor fabrication, one of the multimode fibers is fixed first, then, the elastomer
tube is inserted horizontally and the other fiber is inserted into the other end of the elastomer tube
while it is connected to the light power meter to assure maximum light transmission. Finally, the
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Fig. 1. The structure and fabrication process of the sensor.

whole structure is placed in the heating station (DLAB, MS7-H550-Pro) for 2 hours at 80 °C for
thermocuring.

In the following, the theoretical analysis of the propagation of light along the elastomer optical
fiber is presented. The intensity losses suffered by light propagating along silica optical fiber
sections and by light coupling at both ends are fixed values, so only the losses arisen by the
elastomer optical fiber are considered. Moreover, the deformation of the silica optical fiber can be
ignored during the experiments since its Young’s modulus is much larger than that of elastomer
optical fiber. Hence, both the physical strain of the sensor and the loss of light intensity impact
on the elastomer optical fiber.

According to Beer-Lambert law, the attenuation of light intensity occurs as it propagates along
the elastomer fiber, and the relation between the attenuation and the fiber parameters is given by
the following expression:

A =¢€lLc @)

where A is the attenuation, € is the attenuation coefficient of PDMS, L is the length of the
elastomer optical fiber and c is the concentration of PDMS. Therefore, P;, and P,,;, as the light
power at the input and output, respectively, of the elastomer optical fiber can be related as follows:

P in A
= 2
Pou ¢ @
Let us consider the definition of strain:
AL
- == 3
=1 3)
L=AL+ 1L 4)

where Ly and AL are the original length and the elongation of the elastomer optical fiber,
respectively. Then, the following relationship between output light power and strain can be
written:

Pour = PineisLoc(HS) %)

As temperature usually affects the output light intensity slowly [30,31], and frequency information
are the main focus for our experiment, so we ignored the temperature influence here. When it
comes to the dynamic movement of the optical fiber, it is sometimes necessary to consider the
error caused by the viscoelasticity of the material [15]. However, in this study, the hysteresis
behavior of strain response caused by viscoelasticity can be neglected due to the high elasticity
of PDMS [32]. An elastomer optical fiber was fixed with two 3D X-Y-Z motion stage (Thorlabs
MBT616D) and stretched in steps of 0.5 mm. The axial tension applied by the stages determined
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the strain change in the experiment. The effective length of the elastomer optical fiber was 10
mm and the strain properties of this fiber were experimentally measured. As shown in Fig. 2(a),
the output power was monitored as the strain was increased from 0 to 80%, and the vertical axis
takes the form of logarithmic coordinates to visualize the linearity. With the strain increase, the
output intensity decreases exponentially, P,,, oc exp —3.104s, as expected from Eq. (5).
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Fig. 2. The properties of the elastomer optical fiber: (a) The relationship between strain
and output light intensity; (b) Durability during 500 cycles of stretching and losing with the
strain of 50%.

The tensile tester (Handpi Instruments) was employed to measure the durability of the elastomer
optical fiber by stretching it hundreds of times under a strain of 50%. The length of the elastomer
section was measured after every 100 stretches and define normalized length as L/Ly X 100%,
and the test results are shown in Fig. 2(b), indicating almost no change in the length while after
500 repetitions the relative deformation of the elastomer is only 3.24%.

2.2. Prototype design

Since the sensor needs to be in contact with the human body to get proper measurements, this
section aims to investigate a wearable sensor based on the stretchable optical fiber. Note that the
body micro-vibrations caused by breathing and heartbeat are not a simple linear motion. The
surface of the body is curved and thus, the elastomer optical fiber would bend if the sensor is
worn directly. In this case, the fiber end faces would not keep aligned, which adds a random
factor with a loss of repeatability in optical signal monitoring. In response to this problem, two
prototypes were designed to limit the movement of the elastomer section of the optical fiber.

The prototypes are shown schematically in Fig. 3 and were made of resin or aluminum alloy.
The elastomer optical fiber was inserted into the notch of the prototype so that the elastomer optical
fiber is stretched within the fixed notch. Thus, the elastomer optical fiber only undergoes linear
deformation and the two ends of the silica optical fiber remain parallel during the deformation
process of elastomer optical fiber. Therefore, the prototype improves the repeatability of the
elastomer optical fiber stretches and the mechanical stability of the device [33]. Meanwhile,
the prototype can also play a role in protecting the optical fiber and improving the mechanical
strength of the sensor [34].

2.3. Belt design

The design of the belt and the image of the real object is shown in Fig. 4. The central part of
the belt is a central elastic fabric with a length of 6 cm and a non-elastic fabric sewn on both
sides. This structure allows the stretch deformation of the belt to be provided only by the elastic
fabric. The elastomer optical fiber is attached to the elastic part of the belt, while the rest of the
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Fig. 3. Schematic Diagrams of prototypes: (a) Broad wedge notch; (b) Narrow wedge
notch.

optical fiber is fixed to the non-elastic part of the belt, the deformation of the belt drives the
optical fiber to stretch. In this case, the changes in the optical fiber are merely provided by the
elastomer. This structure maximizes the utility of strain, magnifies the local strain and facilitates
the measurement of small deformations caused by the human body. The prototype is stitched to
the belt, which can limit the activity of the optical fiber and protect the sensor to some extent.

Elastic Fabric

Prototype

Fig. 4. The belt design: (a) Schematic diagram; (b) Photograph.

2.4. General system design

The schematic diagram of the experimental characterization setup is illustrated in Fig. 5, which
includes a superluminiscent diode (SLD) light source (SUPERLUM, SLD-Mcs-371-HP2-SM),
the belt knitted with the elastomer optical fiber and an Optical Spectra Analyzer (OSA) consisting
of a compact spectrometer (THORLABS, CCS175) and Thorlabs OSA software. The output light
intensity of the spectrometer can be recieved by calculating the mean value of the light intensity
in the analyzed wavelength interval using Thorlabs OSA software, while the Long-Term Analysis
tool of Thorlabs OSA software enables the long-term monitoring of the light intensity. The belt is
worn over the chest and the elastic part is worn over the precordial area. Physiological activities
such as respiration and heartbeat cause the physical deformation of the chest and thus, the sensor
undergoes physical deformation, namely the optical path length L of the elastomer optical fiber
length changes. Accordingly, when the light is transmitted along the sensing area, according
to Eq. (5), the intensity of the output light varies, as will be recorded by the spectrometer. The
system has the potential for portability, by integrating the belt with PD and Bluetooth [35] or
with a smartphone [36] to form a portable version.

2.5. Data process

Data processing can be mainly divided into two parts: filtering and time-frequency domain
analysis. The flow diagram of this process is shown in Fig. 6, since the frequency bands of
different physiological signals at resting state are already known, from 10 bpm to 24 bpm (roughly
corresponding to 0.1 Hz to 0.4 Hz) for respiratory rate (RR) [37,38] and from 50 bpm to 100
bpm (roughly corresponding to 0.8 Hz to 1.6 Hz) for heart rate (HR) [39,40]. The BCG signal
indicates a micro-movement of the body surface due to blood pulsation, namely BCG signal is
associated with heartbeat activity [41]. The frequency band of 1 Hz to 12 Hz contains information
on the main characteristics of BCG. The filtering part mainly uses Butterworth digital, in the
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Fig. 5. Experimental schematic diagram.

experiment, a combination of a high-pass, a low-pass, and a band-pass Butterworth filters were
employed to obtain more accurate respiratory and heart signals.
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Analysis
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Fig. 6. Flow diagram for data processing.

Respiratory and heartbeat signals are not stationary, so Short-time Fourier Transform (STFT)
is used for time-frequency domain analysis.

S(f) = / w(t’ = t)s(t)e” 7 di’ (6)
where s is the original time domain signal, S(f) is the frequency domain signal, and w is the
window function. Since the experimental data are discrete, the discrete STFT is used in the data

analysis, as follows:
N-1

S(f) = Z s(n + myw(n)e™” Fn @)

n=0

where m denotes the offset and N is the length of the window. For the window function, based
on the large difference in amplitude of the RR and HR, the Blackman window [42] with large
stop-band attenuation is chosen in the data process:

2 4
Wlackman(1) = 0.42 — 0.5 cos % +0.08 cos % 0<n<N 8)
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3. Experiments and discussion

3.1.  Prototype select

Different prototypes were assessed in terms of the coefficient of variation (CV) k, and coefficient
k, which are defined to evaluate the stability and the magnification of the signal, respectively, as
follows:

(oa
kv = E (9)
ky = JK2, + k2, (10)
Ay
k=2 11
A (11)

where o and E are standard deviations and expectation values of RR or HR, respectively. The
total coefficient of variation is defined in Eq. (10) by combining RR and HR, where k,, and &,
are CV of RR and HR, and smaller k, means better stability [43]. With regards to the definition
of k are shown in Eq. (11), Az and Ay are the amplitudes of the respiratory and the heartbeat
peaks, respectively.

In the following, four prototypes with different structures are shown in Fig. 3, all of them
were manufactured by 3D printing (CREALITY, CR-3040 Pro): A prototype (aluminium alloy,
1.5 mm high, narrow wedge notch), B prototype (aluminium alloy, 2 mm high, broad wedge
notch), C prototype (resin, 1.5 mm high, narrow wedge notch) and D prototype (resin, 3 mm
high, narrow wedge notch). A volunteer wore the belt with the different prototypes and also with
the sensor without any prototype. Each prototype was measured 10 times, and the duration of
each measurement is 30 s. The obtained data were selected by quartile method and then, the
parameters k, and k were calculated as detailed in Table 1.

Table 1. Test results for belts with and without different prototypes.

A B C D without prototype
ky 0.1312 0.1613 0.1376 0.1762 0.3403
k 0.0747 0.0459 0.0433 0.0597 0.0071

From Fig. 7, we found for both RR and HR, the belts with prototypes are better than the belt
without prototype. Table 1 also shows that the belt with the A-prototype exhibits the best results
with the smallest k, and the largest k. Therefore, the A-prototype (aluminum alloy, 1.5 mm high,
narrow wedge notch) is considered to be the best prototype, and all subsequent experiments
would be completed by using the sensor with the A-prototype.
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3.2. HR and BR monitoring

One volunteer (male, age 21, 167 cm, and 60 kg) was required to wear the belt at the area of the
apical impulse. The apical impulse is roughly at the fifth intercostal space of the left midclavicular
line, where the palpable cardiac impulse is held [44]. The volunteer put on the belt and lied flat
on the mattress to start the measurement, and light intensity was measured continuously using
Long-term Analysis with Thorlabs OSA software at a sampling rate of 10, which lasted for 1 min.

Clear periodic variation can be obtained from the measured intensity signal, as displayed in
Fig. 8(a). While breathing, there is a large variation in chest circumference, hence respiratory
activity can be seen directly from the raw intensity signal. During inhalation, the chest
circumference lengthens and the elastomer optical fiber part stretches, leading to a decrease in
light intensity. The process of exhalation is opposite, since the chest circumference shortens,
the elastomer optical fiber part is released and the light intensity increases. The variation in
amplitude is related to the depth of respiration. However, the mechanical variations caused by the
heart beating are much weaker than those caused by respiration, and thus, cardiac information is
submerged in the respiratory activity as appears in the measured intensity signal. Therefore, the
heartbeat-related information must be separated by signal processing.
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Fig. 8. Time and frequency domain analysis of light intensity signals: (a) Original intensity
signal; (b) Frequency domain figure after filtration and STFT; (c) Breath time domain; (d)
Heartbeat time domain.

The original signal collected by OSA was filtered using the Butterworth filter for both
respiratory rate and heart rate bands. Afterwards, we filtered the harmonics of RR through FIR
digital filter and use STFT to analyze the filtered signal in the frequency domain. From Fig. 8(b),
the physical changes in the chest lead to two distinct peaks in the frequency, one of which is
located in the respiratory frequency window with a rate of 19 bpm, which is the measured RR.
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The other is situated in the heart rate frequency window with a rate of 60 bpm, which is the value
of measured cardiac beat frequency. For the time domain analysis, the high harmonics of RR in
the original signal were filtered by FIR filter, and then, the time domain signals were separated
by digital Butterworth filters within RR and HR bands. After filtering each one of the bands,
Fig. 8(c) and Fig. 8(d) show the signals corresponding of respiratory activity and cardiac beat in
the time domain. Compared to Fig. 8(a) and Fig. 8(c), the respiratory waveform is similar to the
original collected signal and they vary in the same trend, which illustrates, at least to some extent,
the accuracy of the respiratory measurements and the feasibility of the data processing method.

3.3. BCG monitoring

BCG is a weak mechanical signal produced by the heart pumping activity that causes the body to
vibrate synchronously [45]. The BCG signal consists of several peak signals, namely G, H, 1, J,
K, L, and M peaks, which have different physiological significance [46]. For example, H, 1, J,
and K peaks are associated with cardiac contraction while M and N waves are related to cardiac
diastole [45]. Our proposed belt was also used for BCG measurement and the electrocardiogram
(ECG) was measured simultaneously to facilitate the determination of the BCG signal. Three
electrodes of the ECG measurement module are worn on the subject’s left chest, right subcostal,
and left hypogastrium. A volunteer (female, age 21, 163 cm and 50 kg) wore the belt and
electrodes simultaneously and measurements were taken in lying position. The OSA is used for
light intensity acquisition with sampling rate set to 100 and the measurement duration was 1
minute.

Figure 9 indicate the measured BCG signal obtained from the original light intensity signal
filtered by a bandpass frequency window of 1-12 Hz. Figure 9(a) shows the BCG signal while
Fig. 9(b) shows one of the segments, where most of the characteristics of the BCG signal, i.e.
H, I J, K, and L peaks are clear. That proves the proposed sensor is also valid for BCG signal
measurement. Figure 9(c) shows a comparison of ECG and BCG signals, both of which are
relevant for cardiac activity. The RJ interval is the interval between the J-peak of BCG and the
R-peak of ECG, the most widely measured time interval based on BCG, is relatively stable and is
related to heart activity such as systolic blood pressure [47]. HR can be estimated by measuring
the J-peak interval in the BCG signal, and the results of ECG and BCG measurements are shown
in the Table 2, where the absolute error € is between 0 and 5 bpm.

Table 2. HR measured using ECG and HR estimated using BCG.

ECG (bpm) BCG (bpm) € (bpm)
63 63 0
64 69 5
62 58 4
68 72 4
66 63 3
68 69 1

3.4. Different position test

The following experiments involve 10 volunteers (5 males and 5 females). All of them are in
the age range of 22 + 2, and their other physiological information are shown in Table 3. Each
volunteer was measured under three states in turn: standing, sitting, and lying state. Each state
was measured ten times serially during 30 s. Experimental signals were processed in a similar
way as in the previous part, and the results are shown in Fig. 10.
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Taking the measurements of Female 4 as an example, RR remained at 10 bpm, but HR in
standing, sitting and lying positions were 96 bpm, 84 bpm, and 56 bpm respectively.
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Table 3. Physiological information for volunteers.

Index Height (cm) Weight (kg)
Female 1 155 59
Female 2 163 50
Female 3 161 44
Female 4 173 65
Female 5 170 56

Male 1 178 80
Male 2 172 61
Male 3 164 58
Male 4 166 56
Male 5 173 62

The results indicate that our sensor can accurately measure breathing and heart rate at different
body positions. Figure 10 is the normalized frequency domain signal arisen from the physical
deformation of the chest in standing, sitting, and lying positions. For different body positions, the
sensor has good performance in the resting state of the body. Comparing the frequency domain
plots of these three body positions, we confirmed that in the resting state, the RR does not change
much in different positions, whereas the HR changed largely in the resting state. The variation in
HR was specifically demonstrated by the greatest HR in the standing position and the smallest in
the lying position, which is related to hormonal and neurological regulation [48]. However, the
difference in HR among the three positions is different for each individual, in other words, we
can identify the body states of each individual by this difference.

3.5. Analysis

This section discusses the accuracy, stability, and the agreement with professional medical
equipment of the proposed wearable stretchable optical fiber sensor. The Mean Absolute
Percentage Error (MAPE) and Root Mean Square Error (RMSE) metrics implemented to analyze
the accuracy and stability of the measured RR and HR, and used the Bland-Altman method to
analyze the agreement [49]. As it is well known, the MAPE and RMSE can be calculated as
follows:

Xi — Xio

1 n
MAPE = ~ Z -

n
i=1

1 n
RMSE = 4| - > (Xi = Xo)? (13)
n
i=1

Yw = Y2+ Y2 (14)

where X refers to respiratory or heart activity, the footnote ; and ;o denote the measured and
reference values respectively, and n indicates the number of measurements. Y can refer to
MAPE or RMSE, which are used to calculate the weighted MAPE and RMSE considering both
respiration and heart rate.

We measured the RR and HR of 10 volunteers shown in Table 3 in their resting state in different
body positions (standing, sitting, and lying). Each subject in each position was measured 10
times for 30 seconds each, and finally, 300 sets of respiratory rate and heart rate data are obtained
by processing the original light intensity signal. The reference method for RR is manual counting
[50] and the reference data for HR is from pulse oximeter (CONTEC, CMS60D). These data

x 100% (12)
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were processed by using Eq. (12), Eq. (13) and Eq. (14) to analyze the accuracy and stability of
the measurements, and the results are shown in Table 4 and Table 5. In general, overall average
weighted MAPE and RMSE of 5.25 % and 1.28 bpm, respectively. For both sexes, weighted
MAPE is within roughly 5% plus or minus 2% and weighted RMSE is between 1 bpm and 1.5
bpm, hence the device is suitable for both men and women. In terms of accuracy, there is no
obvious difference between respiratory rate and heart rate monitoring among different body
positions. And the MAPE of HR is much smaller than that of RR, so the accuracy of heart rate
monitoring is significantly better than that of respiration. However, the maximum deviation
of RR and HR are respectively 1 bpm and 3 bpm. This contradiction occurs because the real
value of RR is much smaller than that of HR. For the stability of the device, the RMSE of RR
is significantly smaller than that of HR, so the stability of respiratory rate monitoring is better
than that of heart rate monitoring. For the measurement of RR, different body positions lead to
similar RMSE, namely body position is a slight influencing factor for measurement stability. But
for HR, the stability in the lying position is better than that in other body positions probably due
to less micro-movements of the body in the lying position so the equipment is less affected by the
environment.

Table 4. MAPE.
Index RR(%) HR(%) Weighted
Stand Sit Lie Average Stand Sit Lie Average
Female 1 2.65 221 9.42 4.76 1.23 1.95 1.49 1.56 5.01
Female 2 221 3.25 2.82 2.76 1.21 0.72 1.24 1.06 2.96
Female 3 3.68 2.95 3.62 3.42 2.17 1.69 1.03 1.63 3.79
Female 4 7.15 5.28 4.45 5.63 1.29 1.59 1.30 1.39 5.80
Female 5 5.48 5.31 6.57 5.79 1.39 1.38 1.48 1.42 5.96
Male 1 6.63 6.26 8.68 7.19 1.64 1.26 1.31 1.40 7.33
Male 2 5.65 4.62 5.16 5.14 1.18 1.34 1.12 1.21 5.28
Male 3 7.95 497 2.03 4.98 1.87 1.73 1.25 1.62 5.24
Male 4 4.65 5.07 4.25 4.66 1.62 1.23 0.87 1.24 4.82
Male 5 6.79 5.21 6.58 6.19 1.42 1.39 1.45 1.42 6.35
Table 5. RMSE.
Index RR (bpm) HR (bpm) Weighted
Stand Sit Lie Average Stand Sit Lie Average
Female 1 0.31 0.35 0.55 0.40 1.17 1.62 1.14 1.31 1.37
Female 2 0.21 0.28 0.34 0.28 1.45 0.76 1.03 1.08 1.11
Female 3 0.45 0.35 0.43 0.41 1.80 1.32 0.79 1.30 1.37
Female 4 0.51 0.31 0.33 0.38 1.51 1.36 0.94 1.27 1.32
Female 5 0.47 0.38 0.40 0.42 1.25 1.31 0.94 1.17 1.24
Male 1 0.32 0.41 0.45 0.39 1.49 1.20 1.07 1.26 1.32
Male 2 0.58 0.53 0.50 0.54 1.34 1.17 0.96 1.16 1.28
Male 3 0.66 0.62 0.27 0.52 1.26 1.18 0.74 1.06 1.18
Male 4 0.26 0.34 0.34 0.31 1.62 1.23 0.87 1.24 1.28
Male 5 0.74 0.56 0.66 0.65 1.38 1.14 1.01 1.18 1.35

Bland-Altman is used to analyze the agreement between experimental measurements and
the reference device measurements. Bland-Altman plots can be used to visually determine
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whether new techniques can replace established methods based on the good agreement between
them [51]. In the experiment, all volunteers were required to wear both the experimental and
reference equipment and take measurements in the lying position. The reference method for
respiratory measurements was manual counting, while the respiratory signal was used for general
Bland-Altman analysis since it was relatively stable over time. Thirty volunteers were recruited
and 30 sets of respiratory data were measured for 30 seconds each. The reference device for HR
measurements is ECG, which was measured in the same way as in the section 3.3 and the new
wearable stretchable optical fiber sensor is worn on the subject’s apical pulse location. Due to
the temporal instability of the HR [52], we believe that independent measurements of individual
subjects at different times still satisfy the conditions for the use of the Bland-Altman method
[53]. Simultaneous continuous measurements of both devices are carried out in 30 sets of 30
seconds each. The ECG signal is directly processed by the time-frequency domain analysis to
obtain the subject’s HR, and the light intensity signal is filtered and then analyzed similarly.
The data obtained from the ECG measurements were used as a reference value. The mean
of the differences u and the limits of agreement (LoA) are two very important parameters in
Bland-Alman method, whose definitions are shown in Eq. (15) and Eq. (16), where n is number
of measurements, X; and Xy are respectively measurement and reference value, and o is the
standard deviation in Eq. (17).

ln
== (X;-X; 1
Iz ”Zl( 0) (15)
LoA = p + 1.960 (16)
L (X = Xio — p)
U:\/Zm( - )
=

The Bland-Altman diagrams are plotted for RR and HR as shown in Fig. 11. The LoA in Fig. 11(a)
is -1.0525 bpm and 0.6025 bpm, and the RR measured by the test belt is within the LoA ranges,
which indicates that the belt is in good agreement with manual counting method. From Fig. 11(b),
the mean of the difference between the two methods of measuring heart rate was -0.5299 bpm,
with a maximum difference of 4 bpm and LoA of -3.1548 bpm and 2.0949 bpm, with 93.3%
(28/30) of the measurements falling within this range, indicating good agreement with ECG
method. Figure 11(b) also shows that the data points are uniformly distributed, suggesting that
there is no significant different between the measured values.
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Fig. 11. Bland-Altman figure: (a) The agreement analysis of RR; (b) The agreement
analysis of HR. The horizontal axis is the average of the reference and measured values and
the vertical axis shows the difference between them. The dot line is u and the solid line is
LoA.
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4. Conclusion

In this study, we designed and fabricated a wearable stretchable optical fiber sensor with a
structure consisting of an elastomer optical fiber sandwiched by two multimode silica optical
fiber. To enable RR and HR monitoring, we integrated the wearable stretchable optical fiber
sensor with a prototype with a narrow wedge notch sewn onto the belt to constrain the movement
of the elastomer optical fiber. The device allows simultaneous monitoring of RR, HR and BCG,
as well as RR and HR in different body positions at resting state. To test the performance of
the device, we compared RR and HR measurements using manual counting methods and pulse
oximeter, respectively. Results from 10 subjects show that the device has good measurement
accuracy, stability and agreement, in which HR in lying position can be within 1.5% of MAPE,
and RR can be around 0.5 bpm of RMSE. The addition of the elastomer optical fiber enhances the
physical properties of the sensor, making it easier to attach to the fabric. Therefore, the proposed
sensor has great potential for biomedical and wearable applications.
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