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A High Sensitivity of Vital Signs Detector
using Fiber Optic-based Fabry-Perot
Interferometer

Saroj Pullteap' and Piyawat Samartkit, Non-members

ABSTRACT

In this paper, development of a high sensitivity
vital sign detector based on the fiber optic-based
Fabry-Perot interferometer (FFPI) has been proposed.
Two interesting parameters, heart rate (HR), and
blood pressure (BP), are measured as the vital
sign parameters for investigating the performance
of the FFPI. Particularly, the proposed sensor is
exploited to detect human arterial pulse for indicating
the number of interference signals (fringes). A
fringe counting technique is, consequently, applied
in association with the deflection of material
technique to demodulate the observed number of
fringes into HR and BP. Additionally, the reflective
thin film with reflectance of approximately 55%
is utilized for attaching to the human wrist
during the measurement. Furthermore, a digital
sphygmomanometer is employed as a reference
sensor. After 20 times of repetitions on the same
human subject, the FFPI could indicate the systolic
and diastolic BP, as well as HR, with average error of
0.94%, 1.64%, and 1.01%, respectively. Moreover, the
sensitivity of 1.913 mmHg has been exploited by using
the fiber optic sensor, while the reference is reported
to be 40 mmHg. This could, thus, verify that the
FFPI sensor is a very high sensitivity instrument for
applying to the vital sign measurement.

Keywords:  Fabry-Perot Interferometer, Fringe
Counting Technique, Deflection of Material Technique,
Vital Signs, Biomedical Engineering Applications

1. INTRODUCTION

Vital cardiovascular signs are important health
indicators. Specifically, both the heart rate (HR)
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and blood pressure (BP) are, basically, always
considered in the medical diagnosis, for which
these values reflect the health or disease of an
individual [1-2]. As such, distribution of commercial
vital cardiovascular signs equipment is emphasized,
since this enables anyone to easily diagnose their
cardiovascular health in everyday life, and allows
at-home BP control to prevent cardiovascular disease,
such as hypertension [3—4]. However, the commercial
non-invasive digital sphygmomanometers tend to be
less precise than the medical diagnostic standard, or
are vulnerable to strong electromagnetic interference
and electrical noise, which cause them to be less
reliable [5-7]. In this aspect, the fiber optic
sensors (FOS) are, therefore, introduced with several
advantages, i.e. high sensitivity & precision,
electromagnetic immunity [8-9]. Consequently, there
are many medical instruments that have, recently,
adopted FOS to improve their performance [10].
For example, Jia et al.  [11] present a radial
arterial pulse detector using FOS for highly sensitive
acquisition.  Additionally, Leitdo et al. [12-13]
designed fiber optic sensor-based instruments to
measure the central arterial pulse, which is, generally,
difficult to detect due to low BP. Meanwhile, Nedoma
et al. [14] demonstrated the vital signs FOS
applicability during the magnetic resonance imaging
(MRI) procedure. As such, it could be concluded
that FOS provides improved performance to medical
measurement instrumentations.

In this work, development of a highly sensitive
vital cardiovascular signs detector based on the
fiber optic-based Fabry-Perot interferometer (FFPI)
has been proposed. Particularly, the interesting
parameters of HR, systolic blood pressure (SBP),
and also diastolic blood pressure (DBP) are measured
via the FFPI sensing principles. Furthermore, signal
demodulation has been completed by applying the
deflection of material and fringe counting techniques
[89].  Moreover, three reflective materials are
tested to determine the optimum material for the
fiber sensor measurement. To verify the FFPI
performance and its sensitivity, a commercial digital
sphygmomanometer is, consequently, utilized as
a reference sensor, with the results discussed to
motivate FFPI development in the future.
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2. RELATED THEORIES
2.1 Principles of FFPI sensor

Fiber optic-based Fabry-Perot interferometer is
one of the fiber optic interferometers that is
often utilized for precision measurement applications.
Particularly, it operates when a monochromatic
light is propagated through a fiber coupler, before
propagating to the sensing arm. Approximately 4% of
the propagated light beam is, then, reflected back at
the fiber cave-end as the “reference signal”, whereas
the rest is transmitted to the target. Consequently,
the 96% light beam is to be reflected back to the fiber
as the “sensing signal”. The interference signal is,
ultimately, generated when the two light beams are
superpositioned, with the intensity of the modulated
signal (I) depicted by [8-9]:

I=1Ir+ Ig+2+\/IglscosA¢p (1)

where I is the reference signal intensity, /s indicates
the sensing signal intensity, and A¢ corresponds to
the optical path difference between the reference and
sensing signal. Coincidentally, A¢ is related to the
displacement length from the fiber cave-end to the
sensing target (Ad), along with the number of fringes
(Ny). These could be mathematically described as
[8-9], [15]:

47 Nn

A¢p = Ad = 27Ny (2)
where N indicates the total number of reflections, n
depicts the refractive index, and A is the light source
wavelength. Generally, the configuration of the FFPI
could be illustrated in Fig. 1.

In this regard, FFPI-based measuring instruments
are commonly designed to detect the displacement
shift of the target parameters. In this case, the
displacement is, however, caused by the distension of
the target artery as a consequence of the heart pulse.

2.2 Application of FFPI for HR and BP
measurements

To sense the vital signs of HR and BP, the
deflection of material theory is proposed. In this case,
the reflective thin film is considered as the target
material. When there is any arterial pulse at the
sensing target, the film would be deflected, and the
blood pressure of the pulse (P) could be determined
by [16-17]:

3Prg (1 —12) 3)
16 Eh3
where 79 is the deflection radius, v depicts the
Poisson’s ratio, E indicates Young’s modulus, and
h defines the thickness of the film. These variables
could graphically be described in Fig. 2.
The HR of the subject could be detected
by observing the peak-to-peak signal during the
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sensing duration. The BP, however, is measured
in correspondence with the inflatable cuff.
Conventionally, the blood flow is first stopped due
to the pressure of the inflated cuff. The cuff is,
continuously, deflated until the first heart pulse is
detected, of which the pressure corresponds to the
SBP. Consequently, the pressure is released gradually,
and the last arterial pulse to be sensed denotes the
DBP. In this manner, the fiber sensor could determine
both the SBP and DBP values in the measurement by
using the fringe counting technique shown in Eq. (2)
in association with Eq. (3).

3. EXPERIMENTAL SETUP

In this work, FFPI has been utilized for measuring
the HR and BP in a human subject. However, the
emphasis is to be given for selecting the reflective
material, as implied by Eq. (3) that the material
characteristics could affect the demodulation of the
light beam signal. Furthermore, experimental setup
on a human subject tends to be important, as poor
execution might lead to measurement error. As
such, this section intends to describe its contents
in 3 main parts; the FFPI system configuration,
reflective material verification, and human subject
examination.
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3.1 FFPI system configuration

To properly measure the arterial pulse, an
indicator of both HR and BP, the FFPI measurement
system is setup. In particular, the configuration of
the fiber optic sensor could be illustrated by Fig. 3.

According to Fig. 3, the monochromatic light
source from the laser diode source is generating a
light beam of 1,310 nm wavelength that is injected
into the single-mode fiber pigtail cord. Furthermore,
this beam is, then, propagated through a 1 x 2 fiber
coupler to the sensing arm, where the sensing beam
is guided outside to the target before being reflected
back. Ultimately, the interference signal is acquired
by a photodetector, and its characteristic waveform
is analyzed via a digital oscilloscope. However,
a reflective material is required for reflecting the
sensing light beam. Therefore, it is crucial to verify
the optimum material to be applied for the fiber
interferometer system.

3.2 Reflective materials verification

As mentioned in the previous part, reflective
material is crucial for the experiment. Consequently,
the FFPI system for reflective material verification is
used. Its configuration is illustrated in Fig. 4.

To clarify, the system applies the signal generator
in conjunction with the mechanical vibrator to
simulate the arterial pulse of a patient. In this
case, the excitation frequency is 500 mHz, while
the excitation amplitude is 200 mV. The reflective
material would, consequently, be placed onto the
actuating arm of the vibrator before the verification
starts. In this regard, the three materials to be
verified are the retro-reflector, plastic mirror, and
reflective thin film, and the main objective of this
experiment is to determine the reflectance of the
material, as high reflectance often indicates better
sensitivity. ~ Moreover, it is suggested that the
material should be compatible for attaching to human
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Fig.5: Tensile testing machine (INSTRON model
5969) for optimum material validation.

skin, specifically to allow pulse response from the
radial artery. Ultimately, the optimum material is
selected, before its essential properties of Poisson’s
ratio, Young’s modulus, deflection radius, and
thickness, are validated using INSTRON universal
tensile testing machine model 5969 shown in Fig. 5.

To further explain the wvalidation process, the
Young’s modulus would be defined by analyzing the
stress-strain curve of the reflective material. The
Poisson’s ratio, however, would be calculated by
considering the lateral (¢,) and axial strain (e,) of the
selected reflective material according to the following:

ey (Ay/yo)
where Ax and Ay are the lateral and axial length
change, while zy and yy correspond to the original
lateral and axial length, respectively. In this case,
Ax and Ay are to be defined by measuring the length
change after the sample material is extended by the
tensile testing machine.

3.3 Human subject examination

To acquire the HR and BP from the human subject
as accurately as possible, there is a necessary setup
on the subject’s arm of the volunteer, which could
thus be demonstrated by Fig. 6.

From Fig. 6, the target is the radial artery on the
wrist of the human subject, with the selected material
attached to reflect the sensing light beam. As the
blood flows through the target area, the deflection
of the material would, thus, correspond to the HR
and BP values. In addition, the forearm of the
subject is strapped, while resting on a supporting
platform. This is done to minimize the movement

Reflective material
(underneath)

Inflatable cuff

Fig.6: Ezperimental setup for human subject
examination using FFPI sensor.

of the forearm, and also reduce as much extraneous
vibration from the body as possible. In addition,
the inflatable cuff is applied to the upper arm.
Consequently, the inflatable cuff of the Omron HEM
7130 digital sphygmomanometer is used by turning
on the device. Therefore, the measurements of HR
and BP are simultaneously done by both the proposed
FFPI and the reference device.

In this work, the HR and BP measurements are
tested on a healthy male subject, who is 22 years
old, weighs 64 kg, and is 167 cm tall. Furthermore,
the validation is measured in 20 times in repetitions.
Finally, the results from the measurement using the
FFPI are compared with the reference device to
investigate the performance of the proposed sensor.

4. EXPERIMENTAL RESULTS

Initially, the presented materials are verified for
determining the optimum object for reflecting the
sensing light beam. After using the mechanical
vibrator as the pulse simulator, the obtained
interference signals of the retro-reflector, plastic
mirror, and also reflective thin film are shown in
Figs. 7(a)—(c), respectively.

From this experiment, it is found that the
retro-reflector has the least reflectance of
approximately 20%. Regardless, both the plastic
mirror and reflective thin film are suggested to be
practical materials, with the reflectance of around
50-55%. However, the plastic mirror tends not
to be the optimum material, as it is stiff and
unbendable, which obstructed the demodulation
technique. Therefore, the reflective thin film is
selected for utilization in the FFPI system for
measuring the HR and BP.

For the parameters validation, five reflective thin
film samples, each having 50 mm in length, 50 mm in
width, and 0.55 mm in thickness, were validated. The
tensile testing results show the stress-strain curve of
the reflective thin film, which are illustrated by Fig. 8.
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300

N
5
\

{

Tensile stress [MPa)

B = 5 A

8

> 2
[ |
A, ‘[
|
5 L]
0 100 200 300 400 S00 600 700 800 900 1000 1100 1200 1300 1400
Tensile strain (%)

Fig.8: Stress-strain curve of the validated reflective
thin film from tensile testing machine.

As such, the Young’s modulus of the samples are
determined by the tensile testing machine, and results
are summarized in Table 1.

In addition, the tensile testing machine is utilized
to stretch the five reflective thin film samples, with
results shown in Fig. 9.

To further explain the details of the mentioned
figure, the samples of the reflective thin film are
stretched from their original width and length (z¢
and yo, respectively). After the stretching process,

Sample | Sample | Sample | Sample | Sample

Fig.9: Material stretching results for Poisson’s ratio
definition.

Table 1: Results of Young’s modulus validation.

Sample no. | Young’s modulus (MPa)

1 20,946.37
2 21,964.44
3 21,477.73
4 22,771.34
5 22,174.22
Mean 21,866.82

Table 2: Parameters for Poisson’s ratio calculation.

Axq Axo Axsg AZ Ay
No.

(em) | (cm) | (cm) | (cm) (cm)
1 2.10 2.15 2.20 2.15 17.20
2 2.30 2.35 2.40 2.35 17.50
3 2.25 2.20 2.25 2.23 19.50
4 2.10 2.20 2.00 2.10 17.30
5 2.35 2.35 2.30 2.33 18.00
Mean 2.23 17.90

the tested samples are, then, measured for their new
sizes. Specifically, the extended length (y) causes
the overall width of the material to be shortened,
of which three lateral sections, i.e. 1, x2, and x3,
are determined to approximate the mean width value.
Table 2 summarizes the parameter changes from the
material stretching results.

Once the mean values from the mentioned table are
calculated by Eq. (4), it is found that the Poisson’s
ratio of the reflective thin film is 0.125. During
the validation, it is also observed that the deflection
radius of the film is 1.5 cm. As such, the parameters
which would be utilized for the deflection of material
theory are presented in Table 3.
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Table 3: FEssential properties of reflective thin film
for deflection of material theory.

Parameters ‘ Values
Poisson’s ratio (v) 0.125
Young’s modulus (E) | 21866.820 MPa
Deflection radius (7o) 0.015 m
Thickness (h) 0.550 mm

As mentioned in Section 3.3, the FFPI system
is utilized to measure the HR and BP of a human
subject. The reflective thin film is pasted onto
the wrist of the subject as the sensing light beam
reflector. Initially, the HR is acquired by observing
the peak-to-peak signal for a period of time, as seen
in Fig. 10(a).

As mentioned in Fig. 10(a), a single heart pulse
has two interference signal peaks. This is further
described to be the consequences of the systole and
diastole strokes, which correlates to the SBP and
DBP, respectively [18].

In addition, further observation, shown by
Fig. 10(b), indicates that the systole stroke happens
before the diastole stroke by approximately 0.3 s,
whereas the next systole stroke occurs 0.9 s after the
last one. By scaling the duration of the measurement
via a mathematical approach, the HR is demodulated
into 66.138 beats per minute (bpm). Additionally, the
SBP and DBP are obtained through the inflatable
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Fig.11: Interference signal measured by FFPI

during BP measurement; (a) SBP period and (b)
DBP period.

cuff, with results illustrated in Figs. 11(a) and (b),
respectively. In this regard, the number of fringes
(Ny) during the systole and diastole period is applied
in Eq. (2) to define the displacement length (Ad).
Consequently, the Eq. (3) could calculate either the
SBP or DBP of the human subject. From this figure,
however, the calculations indicate the SBP and DBP
of 115.729 mmHg, and 61.212 mmHg respectively.

To wverify the performance of the proposed
FFPI, its measurement results are to be compared
with the Omron HEM 7130, which is used as a
reference sensor. After 20 times of repetitions, the
experimental results of the HR, SBP, and DBP are
illustrated in Figs. 12(a)—(c), respectively.

The experimental results from  Table 4
demonstrated that the reference sensor only displayed
measurement values in integer numbers, while the
FFPI could indicate the values in decimal forms. This
suggests that the FFPI could report more precise
measurement results. From the results in Fig. 12,
we could summarize that the FFPI has the ability
to measure the HR, SBP, and DBP of the human
subject, with values approximating to the reference
device. Further analysis has found that the SBP
measured by the FFPI has an average error of
0.94%, whereas the average error in the DBP and
HR measurements are 1.64% and 1.01%, respectively.
Furthermore, the measurement errors from the FFPI
are indicated in the range from 0.91% to 4.82%,
verifying that the fiber optic sensor could be utilized
as the HR and BP measuring instrument.



104 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.18, NO.2 AUGUST 2020

2 80 YIS 4
e 70 ‘ £ !
S [ee¥ ¢
= 60 . * s+ o
=504 ¥4 @Ref
40 —————— 1 ek
0 2 4 6 8 1012 14 16 18 20
Measurement time
(a)
130
= 4
R s »
E ** PN o asatbd
g 110 1 £ 224 @ FFPI
wn
100 +—r—r—r——r—————  ®Ref
0 2 4 6 8 101214 16 18 20
Measurement time
(b)
80 3
) s z .
E 70 o prvs 24
E'TeF , o809
= 60 +-¢ ®FFPI
a gl oRef
50 T ——— Ref.
0 2 4 6 8 101214 16 18 20

Measurement time

()

Fig.12: Measurement results of FFPI and reference
device: (a) HR, (b) SBP, and (c) DBP.

Although the digital reference sphygmomanometer
is commercially acceptable, it could be noted from
Table 4 that the FFPI is capable of indicating
more precise vital signs parameters in terms of
significant numbers, due to its high sensitivity.
Nevertheless, additional BP simulation using the
mechanical vibrator is conducted to validate the BP
sensitivity of the proposed FFPI. In this experiment,
we generate the vibration frequency of 1 Hz and also
adjust the amplitude to be a few millivolts. The
experimental result could, however, be illustrated
in Fig. 13. It shows that the FFPI has the
capability to detect 2 fringes. This translates to a
minimum BP reading of approximately 1.913 mmHg,
while the reference sensor could not be measured,
due to the limitation of the reference equipment.
However, we could, preliminary, summarize that the
fiber optic sensor has a sensitivity of approximately
1.913 mmHg, while the reference sensor is reported
at 40 mmHg (from the manual document).

5. CONCLUSION

In this work, the development of a highly sensitive
vital cardiovascular signs detector using the fiber
optic-based Fabry-Perot interferometer (FFPI) has
been proposed. Specifically, the target parameters
are the heart rate (HR), systolic blood pressure

Table 4: Parameters for Poisson’s ratio calculation.

SBP DBP HR
Test no. (mmHg) mmHg (bpm)
FFPI [ Ref. | FFPI | Ref. | FFPI | Ref.
1 115.729 115 61.212 61 66.138 65
2 109.988 116 66.951 66 65.200 65
3 117.639 117 62.167 56 66.700 69
4 116.683 117 67.907 66 60.200 61
5 117.639 117 77.471 78 66.700 67
6 119.552 122 75.559 75 80.000 82
7 119.552 123 64.081 64 80.080 68
8 121.465 126 76.515 73 80.000 85
9 109.988 111 65.994 66 60.27 59
10 109.988 111 69.818 67 53.217 52
11 109.032 112 72.689 72 46.79 47
12 111.901 113 66.950 66 53.571 51
13 114.772 115 72.689 74 50.977 50
14 114.772 115 65.994 63 59.840 57
15 115.728 115 67.907 68 53.000 50
16 114.772 115 68.863 69 59.868 59
17 114.772 115 70.776 70 46.710 48
18 115.728 116 69.819 69 67.347 68
19 115.728 116 71.732 70 60.201 62
20 118.598 119 70.776 71 63.627 63
Mean | 115.202 | 116.3 | 69.294 | 68.2 | 62.022 | 61.4
A ‘Ll]cunbcal pcrii
A
E
Té‘ Simulated signal
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Fig.13: FFPI interference signal verification in BP
simulation.

(SBP), and diastolic blood pressure (DBP), which
could be acquired through the deflection of material,
and fringe counting technique. Three reflective
materials; the retro-reflector, plastic mirror, and
reflective thin film, are tested to select the optimum
material for development. In this case, the reflective
thin film is chosen, due to its practical reflectance
of 55% and its deformability for the demodulation
technique. Consequently, a 22 years old healthy
male, who weighs 64 kg and is 167 cm tall, is
examined for 20 times of measurement repetitions
for the human subject examination. Additionally,



A HIGH SENSITIVITY OF VITAL SIGNS DETECTOR USING FIBER OPTIC-BASED FABRY-PEROT INTERFEROMETER

the Omron HEM 7130 digital sphygmomanometer
is utilized as the reference device to validate the
FFPI performance. The experimental results show
that the FFPI could measure the HR, SBP, and
DBP, with average errors of 1.01%, 0.94%, and
1.60%, respectively.  Furthermore, the proposed
sensor has the measurement errors ranging from
0.91% to 4.82%. Nevertheless, it could be
suggested that the FFPI is more precise than the
commercial sphygmomanometer. Moreover, it is
more sensitive to detect the slight arterial pulses
with a sensitivity of 1.913 mmHg. This could lead
to the prediction of systole and diastole periods in
the human subject, which benefits the cardiovascular
health monitoring. Likewise, the FFPI is immune
to electromagnetic and electrical noise during the
measurement, allowing the examination to be done
in strong electromagnetic environment, namely
the magnetic resonance imaging (MRI) machine.
Therefore, it is concluded that the proposed FFPI
could be developed into a precise, highly sensitive,
and reliable vital cardiovascular signs detector, with
more capability in measurement than conventional
sphygmomanometers. The main limitation of this
sensor is the examination preparation. To clarify,
the process tends to require the human subject
to position his/her posture correctly before the
measurement. This might lead to patient discomfort
and difficulty in each examination. Nonetheless,
non-invasive commercial instruments often have the
drawbacks of either imprecise measurement or being
vulnerable to electrical noise and electromagnetic
interference, which are irrelevant to fiber optic-based
instruments. In this aspect, it is recommended that
the fiber optic-based configuration should consider
easier human posture positioning and simpler
measurement setup for more flexible utilization of
the sensor in commercial use. In future work,
development of a cuffless non-invasive FFPI for HR
and BP measurements would be encouraged, with
emphasis on designing a flexible, yet practical, fiber
optic-based medical measuring instrument.
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