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Abstract:

Human physiological signal monitoring is a key factor in diagnosing health conditions, such
as monitoring heart rate and respiration. To meet the increasing monitoring requirements, such as
safety, economy, and equipment miniaturization, it is necessary to optimize and improve the
monitoring device. Polymer optical fiber sensor has great potential in human physiological
monitoring because of their inherent safety, compactness, electrical isolation, and flexibility. In this
paper, we report the integration of low-cost plastic optical fibers in smartphones for the
measurement of respiratory rate and heart rate in human physiological monitoring. The performance
of the plastic optical fiber (POF) sensor with different sensitivity zone is analyzed. With three
sensitivity zones, the respiratory rate and heart rate can be displayed in the power spectral density
simultaneously. For improving the POF sensor performance, the shutter speed of the smartphone is
also optimized to 30 s™'. Finally, the POF sensor is tested under different motion states indicate that
the sensor can monitor the heart rate and breathing rate under different postures (running, walking,
standing, squatting and lying), where the spectral energy is 2.8 + 0.11x108 pt during running and is
1.4 £ 0.55x107 pt in the supine state. And it also can be used to assess the dynamic posture, which
is important for some potential sensory applications in clinical and home settings.

1. Introduction

Human physiological signs such as heart rate (HR) and respiration (breathing) rate (BR) are
the key elements in the diagnosis of health conditions and abnormal situations such as bradycardia,
tachycardia, hypoxemia, and tachypnea [1]. Among different types of sensors that can be used to
obtain the physiological signs data, electronic sensors are the main solutions for monitoring
physiological signs at this moment [2]. However, electrical safety issues, electromagnetic
interference and the narrow linear time response interval are some of their main disadvantages.

In recent years, optical fiber sensing and information network technologies have undergone

rapid development [3-5]. Typically, silica optical fibers are employed for sensing applications due
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to the low attenuation, lightweight and immunity to electromagnetic interference [6]. However, for
some specific sensing scenarios such as wearable devices on the human body, sensors based on
silica fibers have some drawbacks related to its low flexibility, hardness and shattering capabilities,
which could damage the human body [7-9]. Also, the price of demodulating equipment for sensors
based on silica optical fiber is quite high. Therefore, sensors with high flexibility and low-cost
demodulation are required for physiological signs monitoring.

Polymer optical fibers (POFs) are fibers made of plastic materials, such as
poly(methylmethacrylate) (PMMA) [10-11], TOPAS [12-13], ZEONEX [14-15], and CYTOP [16-
17]. Besides some of the benefits shown by silica fibers, they have some specific advantages,
i.e.high flexibility and low-cost demodulation [18-20]. POF sensors for physiological signs
monitoring are promising, such as Han et al. reported sensors embedded in mattresses to measure
HR and BR with the aim of sleep performance monitoring [21] in different postures and positions.
However, such low cost system required reliable cutting POF technology and also, an electrical
circuit for demodulation. Another example presented by Leal-Junior et al. employed side polish
technology for measuring HR and BR, and was embedded as a smart textile [22]. The experiment
results indicate errors below 4 beats per minute and 2 breaths per minute for the HR and BR,
respectively, even when the user is performing periodic body movements such as the ones induced
by the gait. However, for the sake of decreasing the demodulation devices, one promising solution
is to integrate a POF sensor with a smartphone where the flashlight and camera are used as light
source and detector, respectively. Aitkulov et al. reported a POF sensor integrated with a smartphone
for breath monitoring based on displacement modulation [23]. Since unaltered POF does not have
sufficient sensitivity for bending, this an attractive multiplexing concept based on “camera-division
multiplexing” was proposed and implemented [24].

In this paper, we report the integration of a low-cost POF and a smartphone for human
physiological monitoring. The proposed device is able to measure BR and HR, with the simplicity
and low cost as their main advantages, compared with other existing devices. The performance of
the POF sensors is analyzed in detail and has been improved by using multiple sensitivity zones.
Also, the shutter speed of the smartphone is optimized to improve performance. The POF sensor is
tested for measurement in different motion states and the results indicate that BR and HR can be
correctly monitored under running, walking, standing, sitting, and lying. Moreover, the dynamic
posture can be judged by the sensor system. The paper is structured as follows: Section 2 presents
the sensor design, fabrication, and principle; Section 3 main focuses on data processing, such as
acquiring the pixel data from the camera of the smartphone and analyzing HR and BR from the
pixel value per frame; Then, section 4 present the experimental results, such as analyzing HR and
BR with different sensitivity zone, optimizing the parameter of the smartphone, and analyzing HR
and BR with different postures.

2. POF-smartphone sensor design

2.1. Overall system design

The schematic of the full system as Fig. 1 shows, can be divided into three main parts: light-
generating and receiving device (smartphone), POF-based device, and data processing part. The
optical signal generating and receiving device is composed of a smartphone flash, camera, and

optical fiber connector. Both light source (flashlight) and optical signal receiver (camera) are



integrated by the smartphone, and the optical fiber connector is completed by 3D printing. The POF-
based device consists of POF with a sensitivity area. The sensor is wrapped in three circles around
the user's chest, and the sensing zone is aligned at the participant's left chest where the heartbeat is
the strongest. Breathing and heartbeat cause the sensor to bend slightly, regulating the amount of
light leakage from the sensitivity zone. Subsequently, breathing videos are collected by the camera,
and finally, the BR and HR are extracted using a computer program algorithm.

®

Fig. 1. Schematic diagram of the overall design (DScreenshot while recording video @Photo of 3D connector 3
Camera hole @Flashlight hole GPOF sensitivity zone ©Extraction of BR and HR).

2.2. 3D Connector design

To avoid the light from the outside, a 3D-printed connector was designed for POF to connect
to the smartphone flashlight and camera. The 3D-printed connector as Fig. 2 shows, was designed
with the Pro/E software. Then 3D printing with the 3D printer (Creality CR-3040 Pro) uses PLA as
the printing material and chooses 80% infill [25]. The connector fits the smartphone where its

flashlight and camera are aligned with the position of POF to avoid the disturbance by ambient stray
light. Furthermore, the connector is designed with a 15 mm depth away with the light-receiving
position to keep the POF further away from the camera, in order to perceive optical signal power
changes.

Fig. 2. (a) 3D connector model; (b) Photo of the connector with smartphone.


https://www.creality.com/goods-detail/creality-cr-3040-pro-3d-printer

2.3. POF sensing principle

The schematic diagram of light transmission at the sensing zone is shown in Fig. 3. POF is
partially cut at the sensing zone resulting into optical radiation loss. Due to human breathing and
heartbeat, pressure is exerted on POF. As a result, the POF wrapped around the chest is slightly bent.
It caused optical leakage increases at the sensitivity zone and thus optical signal power change
allows to sense the breathing and pulse induced motions.

Optical power attenuation in the sensing zone can be estimated by geometrical optics. The
longitudinal section of the POF in the sensing zone is taken for modelling. In this case, the ratio of
the output optical signal power (P,) to input optical signal power (P;) is defined as relative losses

(Lg)[26]:

P-P, 21,0-1p
L — I 0: 1 0
P 21,6 1)

where {3 is the opening angle of the effective received area, / is a constant (i,e. I, = I;), 6 is the

) NA ) )
critical angle, which satisfies: Sinf = ——. The numerical aperture (NA) of a POF is 0.47, and the

Nco
refractive index of the core (n.,) is 1.49. Considering that the power loss of the optical power
increases as the cutting depth increases, but it also leads to more fragility of the sensor, the
perpendicular cutting depth is set to be 2/3 of the fiber core diameter. [27]. As shown in Fig. 3(b),
D is the fiber core diameter, a is the opening angle of the POF sensing zone. When a is 0, there is
no optical power leakage (Fig. 3(a)). Breathing causes the opening angle a to change. From the
cosine theorem within the geometrical optics, the following equations can be obtained:
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Where it can be obtain from the geometric optics that cosy = o2 C = Stane’ d*=c“+ (6 D)=.

And x is calculated by the sine theorem within the geometric optics as:

2D _sin(f-6,)
3x sin(a +y)
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where 91=9—§+y.

According to Egs. (1)-(3), the dependent correlation between relative losses (Lz) and opening
angle a can be drawn, as shown in Fig. 3(c). The plot verifies the proposed sensing principle is based
on the opening angle change within the sensing section.
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Fig. 3. (a) Propagation of light in a normal condition; (b) longitudinal section view of the sensing zone; (c)

Correlation between relative losses and the opening angle.

2.4. POF sensitivity zone fabrication

Choosing an appropriate cutting method to create a sensitivity zone is critical for sensing. As
shown in Fig. 4(a), we proposed to cut the fiber cladding and part of the inner core perpendicularly
on the surface of fiber with a blade. From the POF sensing principle, the perpendicular cutting depth
set to 2/3 of the fiber core diameter is suitable for sensing. The POF used in the experiment is a low-
cost plastic optical fiber (Mitsubishi, QY40-2.2E) with a core diameter of 1 mm and an outer
diameter of 2.2 mm. To ensure a repeatable and precise cutting, a 3D-printed mold was designed as
shown in Fig. 4(b). The mold was printed using 100% fill to ensure the stability of multiple cuts. A
channel with the same diameter as the fiber was set to facilitate the fiber to fit the mold [28], Figs.
4(c) and (d) showed the cutting mold and the POF with sensitivity zone after cutting, separately.

Fig. 4(a) Schematic representation of POF cutting; (b) Model of 3D cutting mold; (c) Photograph of cutting mold;(d)
Photograph of POF with sensitivity zone.

3. Data processing principle

3.1. The pixel data acquisition

Data acquisition processing is completely done by the camera of the smartphone (Honor 201
from Huawei). The video is recorded using the third-party application FiLMiC Pro, where the



interface of the video recording process is shown in Fig. 1. Compared to the native camera, the
third-party application FILMiC Pro allows the user to determine various parameters of the video
recording process freely. The parameters are fixed during the video recording process as shown in
Table 1.

Table 1. Some camera parameters of the video recording process

Shutter speed Video frame rate ISO Video resolution Aspect Ratio

1/30s 30 FPS 50 540p 16:9

A video is captured by the camera while the participant is breathing normally. Subsequently,
the video is outputted frame-by-frame and then the color-to-Grayscale processing is performed on
each frame. In a grayscale image, the pixel value is equal to the grayscale value. As shown in Eq.
(5), the grayscale values, (i.e, the pixel values) of a single frame, are summed to estimate the optical
power received by this frame [23].

Opticalpower=>" > Pixel, (5)

where x and y represent the plane coordinates of each frame pixel, @ and b are both set to 540 since

the resolution of each frame of the video recorded by this third-party application is 540x540 pixels.

3.2 Extraction of BR and HR

Normally, the frequency of BR and HR on the different ranges can be extracted by analyzing
the spectrum of these two parts respectively. The direct-current (DC) component of the data is
eliminated and the power spectrum of optical power is calculated by using Welch’s overlapped
segment averaging estimator [29].

Band-pass filter Power spectral
0.7-2.5Hz ELELL

Band- pass filter Power spectral [

Heart rate

Light intensity
signal

Fig. 5. The process of calculating BR and HR.

The proposed processing steps for extracting BR and HR are shown in Fig. 5. The signal is
divided into segments as Eq. (6):
x;(n) =x(n+iM — M), 0<n<M, 1<i<lL 6)
where M is the length of the window and L denotes the number of data samples segments and i
indicates the number of each segment. Then Eqs. (7) - (8) are used to calculate the modified
periodograms of each segment in a Hamming window design.

M-1 2

Z x;(M)w(n)ejon

n=0

i(w) = i=12..,M—1 (7
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Where I;(w)is the periodogram of each segments, w(n)refers to the window function in
symmetric Hamming design [30], w is the frequency and j is the imaginary unit. The U is the
normalization factor that should satisfy the equation:

1 M-1
U= Z w2(n) ®)

Subsequently, the power spectrum of the signal is obtained by superposition and averaging
according to Eq. (9).

L
P(elw) = %Zli(a}) ©)
=

The data are, respectively, passed through two band-pass filters which correspond to the
frequency range of breathing (frequency band of 0.1-0.5 Hz) and heartbeat (frequency band of 0.7-
2.5 Hz). The band-pass filters are designed by using the “designfilt” function in the Matlab (R2020b).
Then, the power spectrum of the signal is analyzed to find out the exact breathing and heartbeat

frequency.

4. HR and BR monitoring

4.1. Pre-experiment test

The pre-test experiment was completed by using a stroboscopic light source (Shengwei Ltd.,
10 mW) to simulate the steady changes of optical signal power caused by human breathing. The
video was recorded for 20 seconds. As shown in Fig. 6, the experimental result indicates that optical
power changes can be sensitively tracked by processing each image frame by frame and getting the
sum of pixels. It has been shown that attenuation slightly increases with the temperature increase
and slightly decreases with humidity increase [31-33]. Due to the fact that temperature and humidity
do not change so much at room environment, their variations have weak effect on the performance

of the sensor.
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Fig.6. (a) Schematic diagram of the pre-experiment test; (b) Time-domain response of stroboscopic light source

signal; (c) The power spectral density corresponding to the stroboscopic light source signal.



4.2. POF sensor for HR and BR monitoring

The POF is wrapped three times around the user's chest, where the sensing zone is aligned with
the strongest heartbeat location. It is worth mentioning that wrapping three circles ensure that the
POF fits the user's body stability and will be not loosen due to dynamic activities. Considering the
variations of the performance of HR and BR, the video is recorded along four 30 s segments for a
total of 2 minutes. The first experiment was implemented with one sensitivity zone, the original
time-series data for 30 seconds as Fig. 7(a) shows, with MATLAB simulation we can obtain the
breathing signal and heartbeat signal as Figs. 7(b) and (c) show. The frequency range of the signal
indicates that we can obtain the breath signal clear, but the heartbeat signals are not as clear as shown
in the inset of Fig. 7(d).
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Fig. 7. Sensor with one sensitivity zone: (a) Original signal response in the time domain; (b) Breathing waveform;
(c) Heartbeat waveform; (d) Signal response in the frequency domain (inset shows the detail around the frequency

of 1.2 Hz)

The number of sensitivity zones may affect the HR and BR signal due to the amount of
radiation leakage depending on the number of sensitivity zones. Besides, spatial multiplexing
different sensitivity zones on the sensor can ensure sufficient signal leakage. In the following, we
increase this number up to two and three in order to verify its impact on the HR and BR monitoring
performance. The increased sensitivity zones are all on the same wrap, and considering the limited
range of the apical impulse, the diameter of which is about 2.5 cm [34]. Considering the differences
of each user's body, each zone is spaced 2 cm apart. Fig. 8 shows the experiment results with two
sensitivity zones while the other parameters have been kept identical to previous measurements.
From the original signal response in the time domain (see Fig. 8(a)), we can extract the information
plotted in Figs. 8(b) and (c). Fig. 8(d) shows the frequency domain of the signal where the BR
frequency is obtained as 0.34 Hz. However, from the inset of Fig. 8(d), the HR signal is still not

strong enough to distinguish.
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Fig. 8. Sensor with two sensitivity zones: (a) Original signal response in the time domain; (b) Breathing waveform;

(c) Heartbeat waveform; (d) Signal response in the frequency domain.

Then, measurements were done with three sensitivity zones. In this case, the original time-
domain signal is shown in Fig. 9(a). Figs. 9(b) and (c) present the time domain signal of breathing
and heartbeat, respectively. As observed in Fig. 9(d), the BR and HR can be displayed in the power
spectral density, which is 0.37 Hz and 1.56 Hz. It was repeated 5 times for each users. At the same
time, BR was manually counted and HR was measured with a medical HR meter (CONTEC Ltd.,
CMS60D) for reference. Table 2 presents the measurement results and the comparison with the
reference for HR and BR.

Table 2. The results of the POF sensor and the reference sensor for different subjects

BR (bpm) HR (bpm)
Users POF sensor Reference POF sensor Reference
1 22.0+1.7 20.8+1.4 93.2+44.2 90.0+5.6
2 16.840.6 16.6+1.9 74.412.6 76.3%1.5
3 21.5+1.1 20.410.5 68.918.0 68.1+6.4
4 18.3£2.5 18.6+3.0 86.91+7.8 88.41+7.2

As presented in Table 2, the response indicate error lower than 5.8% for the BR measurements
while 3.6% for the HR measurements. It indicates that the multiplexed POF sensor is effective in

experiments to simultaneously measure breathing and heartbeat signals.
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Fig. 9. Sensor with three sensitivity zones: (a) Original signal response in the time domain, (b) Breathing waveform,

(c) Heartbeat waveform, (d) Signal response in the frequency domain.

4.3. Optimization of the smartphone system

The shutter speed determines the amount of light entering the camera's photosensitive
components for each frame, which in turn affects each frame's sum of pixels. It can be seen from
the previous discussion that the sum of the pixels acquired by the camera is a significant factor
affecting the experimental results. Thus, an appropriate shutter speed needs to be defined.

The video was recorded for 3 minutes while the shutter speed was changed in steps of 30
seconds to obtain the highest amplitude of the power spectral density respectively: 30 s-!, 60 s, 120
571,240 5,480 s, and 960 s!. The result shown in Fig.10 indicates that shutter speed has a negative
correlation with the amount of light entering the camera.
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Fig. 10. The highest amplitude of the power spectral density at the different shutter speeds.

The original waveform and the extracted breathing waveform at different shutter speeds were
acquired. As presented in Fig.11, the waveforms corresponding to the minimum (30 s*') and
maximum (960 s™!) shutter speeds were selected for comparison. Since the ambient light is mostly
high frequency, at a high shutter speed, high-frequency ambient stray light will be captured by the
camera, resulting in tiny irregular vibrations on the extracted breathing waveform. For this reason,

the optimized shutter speed is set to the slowest 30 s™! to reduce the interference of ambient light.



This shutter speed is sufficient to meet the needs of sensing sensitivity because the human HR is

normally 1-2 beats/s.
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Fig.11. Original waveform and respiration with different shutter speeds: (a), (b) 30 s°!; (c), (d) 960 s™!, respectively.

4.4. Analysis of posture monitoring

The influence of different users' postures on the sensing was experimentally assessed. The
sensor was fixed to the same position on the participant's chest to monitor the breathing and
heartbeat activity of the participants in running, walking, standing, sitting and supine. Meanwhile,

the participant was asked to stay in each posture for at least 2 minutes.
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Fig. 12 (a) Breathing waveform at the different postures and (b) Heartbeat waveform at the different postures.

Data were recorded from each posture for 30 seconds to obtain the breathing waveform and
the heartbeat waveform in different postures, as shown in Fig. 12. The result illustrates that the
breathing and heartbeat waveforms extracted from different postures are obvious and



distinguishable, which indicates that the sensor can monitor the breathing and heartbeat activities of
participants in various postures.
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Fig. 13. Signal response in the frequency domain at the different postures.

Furthermore, the signal in the heartbeat band was collected for each posture, and the
experiment was repeated and averaged. The extracted frequency domain of the heartbeat signal is
shown in Fig. 13. For the same participant, the heart rate during running was 1.89 Hz, and the heart

rate in other postures was similar around 1.38 Hz, which can be used to detect strenuous motion.
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Fig. 14. The peak of the power spectrum in the heartbeat band in different postures.

The experimental result shows that the peak of the power spectrum in the heartbeat band can
be used to differentiate and monitor body posture. As presented in Fig. 14, the spectral energy of
the heartbeat band varies widely for different body postures, where the spectral energy in the
dynamic state/activity (such as running) is much higher than that in the static state (such as supine).
Specifically, the spectral energy is 2.8 0.11 X 10® pt during running and is 1.440.55 X 107 pt in the
supine state. The spectral energies of walking, standing, and sitting were similar, with values is 2.0
£0.84X108pt, 1.430.61 X108 pt, and 1.2£0.3 X 108 pt respectively.

5. Conclusion

This paper proposed and fabricated a POF-based integration for human physiological
monitoring achieved by smartphone camera and flashlight. This device has the advantages of
simplicity, low cost and it measures BR and HR at the same time. After the pre-experiment test to

verify that optical power changes of POF are sensitive enough to be tracked by processing each



image frame by frame. The relationship between the number of sensing zones and the resolution of
HR and BR signals is obtained. With three sensing zones we can obtain BR and HR clearly, at the
same time, the shutter speed of the device is optimized, thus the relationship between shutter speed
and the interference of ambient light is determined through analysis. The sensor presented here can
monitor the HR and BR under different postures (running, walking, standing, squatting, and lying).
There is a degree of positive correlation between the average optical power measured by the sensing
device and the intensity of the movement, which means that it is possible to know the dynamic
posture according to the analysis of spectral energy and frequency. The reported results have
application prospects and commercial value for the field of intelligent wearable body feature
detection.
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