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Optical fiber is increasingly popular and appreciated as a modern sensor
technology in various sectors, one of which is for medical functions. This
study was conducted to detect human diaphragmatic breathing flow using
theoretical and experimental approaches. Initially, the lung model was
formed using the finite element method and the Navier-Stokes equation by
applying the principles of momentum and continuity. Furthermore, fiber
Bragg grating (FBG) and single mode fiber (SMF) were experimentally
designed with sinusoidal patterned macro-scale bending as a stretch sensor
in a breathing belt applied to the diaphragm. The simulation model shows
the airflow velocity increases up to 4 m/s when it flows into smaller
branches. While the experimental results show that the largest power loss
occurs at a buffer diameter of 0.8 cm. The power loss detected in SMF is a
maximum of -0.18 dBm during inhalation and a minimum of -0.28 dBm
during expiration. However, FBG bending is superior with high sensitivity.
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1. INTRODUCTION

The development of science and technology in this century has had a positive impact on the modern
industrial revolution, especially fiber optic sensor (FOS) technology in the medical field. FOS has
characteristics such as high bandwidth and transfer speed in transmitting signals [1]. FOS also has physical
advantages, namely immune to electromagnetic (EM) wave interference, high sensitivity, and low-cost
fabrication [2]-[4]. Therefore, FOS technology has potential for detection applications in the medical field
other than in the communication field which is already commonly applied.

FOS technology in medical applications can be used to detect several vital human organs such as
blood pressure, heart rate, body temperature, and respiratory circulation [5]. The current need for medical
detection by the FOS is monitoring the human respiratory circulation. The advantage of this respiratory
monitoring is that it can identify early symptoms experienced by patients who are indicated to have lung
disease, including kidney failure, stroke, and apnea [6]-[8]. Currently, conventional electronic breathing
sensors are not very sensitive in describing respiratory circulation. In addition, there is also a risk of
damaging and disturbing comfort when in direct contact with the skin [9]. So, FOS technology offers
practical and more sensitive detection with the principle of strain at the smallest scale.
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Detectors based on the strain principle can use single mode fiber (SMF) and fiber Bragg grating (FBG)
by showing high sensitivity qualities and great potential for advances in FOS technology as respiratory
circulation detection [10]-[12]. SMF and FBG have characteristics that are superior to other fibers such as
micro-sized [13], resistant to EM interference [14], easy to modify [15], and high precision [16]. The principle
of strain in FOS usually uses a bending method with various patterns such as circular [17], straight [18], and
sinusoidal [19]. However, sinusoidal patterns proved to be more effective than other forms in detecting changes
in sensor parameters in the human body [20]. Therefore, the FOS technology developed in this study uses a
sinusoidal configuration of SMF and FBG arranged in an elastic belt which is then attached to the diaphragm.
The sensitivity value of FOS in the form of an elastic belt can be obtained by calculating the power losses from
variations in the diameter of the sinusoidal pattern buffer and changes in the abdominal circumference of the
experimental sample. Although the demonstration of FOS on diaphragmatic breathing circulation shows
optimal results, a theoretical model with a simulation approach is needed in the form of new information in the
form of the distribution of airflow dynamics in lung breathing. Therefore, this paper discusses the phenomenon
of airflow vibration for diaphragmatic breathing with a theoretical approach of simulation and experimentation.

2. SIMULATION AND EXPERIMENT MODEL

This study discusses circulating airflow through lung modeling and the demonstration of an experimental
approach to diaphragmatic breathing. Initially, the lung model was formed theoretically using the Navier-Stokes
equation and the finite element method. In addition, this model also pays attention to the principles of continuity
and momentum for incompressible fluids. The equation formed from these provisions is [21]:
a) Continuity
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Where U, V, and W are the velocity of the airflow over the x, y, and z coordinates. The value of p is fluid
density, P is pressure, and u is viscosity.
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Figure 1. Perspective of lung airflow modeling based on finite element method

The respiratory circulation model was built using the finite element method with several triangular
elements forming the lung tissue as shown in Figure 1. The lung tissue model consists of a trachea that
connects the left and right bronchi, then there are bronchioles that form small branches that connect with the
bronchi. The dimensions of the lung tissue model can be seen in Table 1.
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The experimental design and operation of the diaphragmatic breathing circulation detector were
carried out using a FOS in the form of an elastic belt attached to the diaphragm as shown in Figure 2. Inside
the belt, the SMF and FBG (1310 nm) were bent sinusoidally with a buffer diameter of 0.8 cm and 1.2 cm.
The power source in the form of a laser diode is connected to one end of the optical fiber, then at the other
end is connected to an optical power meter (OPM) to measure the input and output power of the optical fiber.

The sample as the object of the experiment consisted of seven people with variations in abdominal
circumference (near the diaphragm) and different ages as shown in Table 2. The sample’s position was
standing with normal breathing conditions without any previous physical activity. Data collection was carried
out for 60 seconds every 5 trials. The resulting data is in the form of power loss and the number of respiratory
frequencies in each unit of time. The sensitivity level is then determined based on the change in power loss
from the input and output measurements.

Table 1. Dimensions of the lung tissue model
Lung tissue  Diameter (cm)  Length (cm)

Trachea 1 10
Bronchus 0.5 4
Bronchioles 0.2 1

Fiber 0plicr‘r T
elastic belt

Figure 2. FOS design display in the form of elastic belt

Table 2. Variation of experimental object’s abdominal circumference
Sample  Abdominal circumference (cm)  Age

1 64 21
2 66 21
3 69 21
4 72 21
5 77 22
6 83 22
7 97 23

3. RESULTS AND DISCUSSION

The simulation results of the lung airflow modeling can be seen in Figure 3. The initial parametric
settings were carried out by entering the air density value of 1.225 kg/m?, viscosity 1.7894x10°° Pa.s, and
velocity of 1 m/s. The airflow velocity in the trachea increases to 1.5 m/s, then in the first branch (bronchus)
of the trachea the airflow increases to 2 m/s. The airflow then increases from 3.5 m/s to 4 m/s in the second
branch (bronchioles) of the bronchus. This explains that the velocity of airflow is influenced by the geometry
of the lungs. In addition, airflow velocity is also influenced by density rather than viscosity [22].

Trachea Trachea

Bronchus Bronchus

Bronchioles

Bronchioles

Figure 3. Lung airflow simulation model
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The situation that occurs on the inside of the belt during exhalation is shown in Figure 4.
The sinusoidal pattern design of the SMF and FBG optical fibers undergoes a change in position in the
diaphragm area. The fiber optic belt changes position during the inhalation state from the initial exhalation state.
This change will affect the value that is read on the OPM according to the bending concept in the power loss
category [23], [24]. The curved fiber will be pulled back to its original position known as the vibrating belt.

Figure 5 shows a comparison of optical fiber power changes for each experimental sample. The figure
illustrates the change in the power of SMF with a buffer diameter of 0.8 cm which has a higher power loss than
its type for a diameter of 1.2 cm. An increase in power loss indicates that inhalation is in progress, while power
loss decreases during expiration [25]. Inhalation also applies in the seconds before and after although at a peak
that is not too high. This shows that there are differences in the breathing carried out by the sample. In addition,
the difference in peak power loss in sample 7 which is farther from the other samples is because the fiber optic
belt responds more to the large abdominal circumference during inhalation. The further the belt moves during
inhalation, the higher the power loss value [26]-[28]. This fiber optic belt actually relies on the principle of
strain and stress from the buffer that forms the SMF and FBG in a sinusoidal pattern.

Buffer

Inhaler

Optical fibere -
Displacement-"

Figure 4. Changes in the position of the fiber optic belt on the diaphragm during the breathing process
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Figure 5. Changes in the power of an SMF optical Figure 6. Power change of FBG optical fiber with a
fiber with a buffer diameter of 0.8 cm buffer diameter of 1.2 cm for sample 2

The distribution of respiratory frequency for the five experiments is shown in Figure 6. The median
value for the change in power is taken from sample 2 because it has the smallest output power for FBG with
a buffer diameter of 1.2 cm. The power changes occurred in the range of -0.40 dBm to -0.55 dBm, while the
median area was in the range of -0.45 dBm to -0.50 dBm. These results explain that the sensitivity level of
the sample is able to respond to the smallest power changes. Meanwhile, mixed experimental results are
reported in the normal radian range.

Figure 7(a) to Figure 7(d) shows the sensitivity level of SMF and FBG optical fiber for each
different buffer diameter. According to the outline of the measurement results, the sinusoidal pattern formed
by a buffer diameter of 0.8 cm as shown in Figure 7(b) and Figure 7(d) gives better results than 1.2 cm as
shown in Figure 7(a) and Figure 7(c). This is because the highest and smallest power changes have been
successfully detected by the SMF and FBG fiber optic belts. In addition, a critical power threshold factor in
optical fiber causes a change in the detected power to depend on the amount of bending applied [29], [30].
In the experimental results on all samples, SMF optical fiber with a smaller buffer diameter has an average
sensitivity of 0.26 compared to FBG of 0.23. However, on the other hand, FBG is superior to the measured
power loss parameter with the highest value of -1.30 dB compared to SMF of -1.16 dB.

n
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Figure 7. Sensitivity with buffer diameters: SMF (a) 1.2 cm and (b) 0.8 cm; FBG (c) 1.2 cm and (d) 0.8 cm

4. CONCLUSION

Detection of human respiratory airflow circulation has been successfully modeled and tested with
FOS. Based on the simulation model, the airflow velocity increases from 1.5 m/s to 4 m/s when switching to
a smaller branch geometry. In addition, the airflow velocity is also influenced by the density factor rather
than the viscosity. Experimentally, the strain variation with the diameter buffer resulted in different
diaphragmatic breathing vibration patterns. The power loss tends to be higher with changes in the position of
the optical fiber during the inhalation process and is also influenced by a larger abdominal circumference.
The sensitivity produced by SMF and FBG for a buffer diameter of 0.8 cm gives better results than 1.2 cm.
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