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Vital signal monitoring acts as a highly significant diagnostic method.
Continuous monitoring of vital signs like temperature, heart rate, and blood
pressure aids in easy and fast disease diagnosis. Existing methods that enable
continuous monitoring, such as smart watches, are not accurate enough to be
used as a benchmark for diagnosing diseases. In this paper, we propose
simultaneous temperature and heart rate measurement using tilted fiber
Bragg grating (TFBG) which enables concurrent measurement of
measurands due to its intrinsic optical property. Temperature and heart rate
were considered for measurement. The proposed TFBG-based optical sensor
has a sensitivity of 11.81 pm/°C and 1.73 pm/pe towards variation in
temperature and strain, respectively. The sensitivity was determined by a
shift in the wavelength of core mode resonance for temperature and a

Temperature differential change in the wavelength of cladding mode resonance for heart
Heart rate rate. The average response time of the proposed TFBG sensor was found to
Vital sign be 3 seconds. Accuracy of 99.68% and 98.42% were achieved in

temperature and heart rate measurements by the proposed TFBG sensor. The
acceptability of the proposed TFBG sensor was analyzed using the Bland-
Altman plot.
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1. INTRODUCTION

The evolution of fiber Bragg grating (FBG) based optical sensors in biomedical applications and
clinical practices is undeniable. This growth is due to the main aspect that these optical sensors are immune
to interference from electromagnetic waves, have high sensitivity and accuracy in addition to having other
advantages such as flexibility, versatility, fast response time, compact size, remote sensing, and reliability
[1], [2]. The ascendancy of FBG finds its application in various fields such as temperature and strain sensing,
multiplexers, lasers, in the medical field, structural health monitoring, and corrosion monitoring [3]-[9]. In
the medical field, it is widely used to monitor vital signs. Several recent studies [10]-[16] have suggested that
shows the implementation of FBG in measuring body temperature and heart rate or respiration rate. Nedoma
et al. [10] implements FBG for heart rate, respiration rate, and body temperature using two FBG sensors
encapsulated in polydimethylsiloxane polymer (PDMS) material that exhibits a total relative error of 0.31%.
Two FBGs were used to assess the body temperature and heart rate of 128 individuals, and the measured
value lies within the £1.96 deviation range [11]. Manujto and Osuch [12] discussed the implementation of
FBG to measure respiration rate using exhaled air temperature and compares the readings with electronic
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sensors and portrait the advantage of the ability to measure fast and slow breathing. Body temperature using
FBG for the range of 35 °C to 41 °C was implemented and sensitivity and resolution of 85.9% was achieved
in [13], [14] proposes implementing FBG sensors for temperature monitoring with the aid of integration into
hardware made of polylactic acid (PLA) device with a thin layer of copper encapsulation that enhances the
wavelength shift. Chethana et al. [15] implements a FBG heartbeat device to simultaneously monitor cardiac
and respiratory activities and additionally sensing heartbeat rhythm, monitoring cardiac activity, heart rate
variability, and breathing activity. FBG encapsulated in fiberglass was used in an magnetic resonance
imaging (MRI) environment to calculate respiration rate and heart rate [16] continuously. It was observed
that within the £1.96 deviation range lies 95.36% samples for the respiration rate and 95.13% samples for the
heart rate with a relative error below 5%. Nedoma et al. [17] proposes a polydimethylsiloxane (PDMS)
encapsulated FBG for monitoring respiratory rate and heart rate from the movement of the thoracic cavity.
Krej et al. [18] proposes a digital signal processing technique to measure heart rate and optimize it using a
genetic algorithm. Kurasawa et al. [19] implements a FBG sensor to calculate glucose level from pulse wave
measured at radial artery. The above-referred works use FBG for single parameter measuring or multiple
FBG sensors for simultaneous measurement of parameters. Further advancements are carried out by
introducing polymer fiber [20], helical fiber [21], smart textiles with sensor embedded [22], [23], proposing
new apodization functions [24], [25], using hetero core fiber [26], using four core fiber [27], using partially
coated fiber [28], using no core fiber [29], using two-level encapsulations in Teflon pipe and capillary tube
[30], using Bragg fibers [31].

In this work, we propose a tilted fiber Bragg grating (TFBG) based optical sensor to overcome the
disadvantage of cross-sensitivity and need for additional modification for simultaneous measurement of
multiple parameters. The tilt in the grating structure enables core and cladding mode resonances [32]. The
differential responsiveness of core and cladding resonances [33], allows the possibility of measuring different
measurands simultaneously. An experimental investigation was carried out to calibrate and validate the
proposed sensor for simultaneous monitoring of vital signs such as body temperature and heart rate. Table 1
provides the state of the art for this study.

The structuring of the current work is as section 2 gives details of the structure of TFBG and its
sensing principle. Section 3 elaborates on the setup for the experimental investigation of the proposed TFBG.
Section 4 presents the results and its discussion. Finally, section 5 encapsulates the conclusion, followed
subsequently by references.

Table 1. State-of-the-art comparison

Sensor type Sensor position Measured parameters Sensitivity/error (%) Reference
2 FBG with PDMS Chest Body temperature, heart rate, 0.010 nm/°C, £1.96 range for [11]
respiration rate heart rate
2 FBG with PDMS Chest wall, thorax ~ Body temperature, heart rate 0.31 nm/°C, +1.96 range for [17]
heart rate
Polymer FBG Chest Body temperature, heart rate  -0.055 nm/°C, +2% for heart rate [20]
FBG with fiber glass Thorax Heart rate, respiration rate 11.3 nm/°C, 4.87% for heart rate [21]
FBG Thorax and neck Heart rate, respiration rate 2% error for heart rate [22]
Proposed TFBG Wrist Body temperature, heart rate 0.0112 nm/°C, +1.96 range for -
heart rate

2. PRINCIPLE OF TILTED FIBER BRAGG GRATING
2.1. Theoretical background of tilted fiber Bragg grating

In FBGs, the modulation in refractive index in the core region results in Bragg resonance due to
coupling in the forward and backward propagating core modes. Bragg resonance is affected by both
temperature and strain applied. Along with Bragg resonance, FBGs show many weak resonances in the
transmission spectrum which results from coupling to cladding guided modes. These weak resonances are
undetected in the reflection spectrum due to losses in power.

TFBGs vary from FBGs in the aspect that the grating fringes in the core region are tilted by an angle
(0) in accordance with the fiber axis. The tilt enhances cladding mode resonance by coupling a forward-
propagating core mode and backward-propagating cladding mode. TFBG can be implemented for sensing
many parameters by selecting which resonances give the best sensitivity for a given measurand. When the tilt
angle increases, the coupled resonances shift towards shorter wavelengths. The structure of TFBG is shown
in Figure 1.

Figure 2 shows the transmission spectra of TFBG. The core mode resonance is centered at the Bragg
wavelength and the cladding mode spreads over a wide wavelength range consisting of many peaks. TFBG
sensitivity depends on core mode and peak wavelengths in cladding mode. When temperature is applied, all
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resonances have a global shift, enabling the TFBG to measure temperature without cross-sensitivity from
other modalities. The relative shift in core and cladding resonances indicates change in applied temperature.
When axial strain is applied, the variation in the periodicity results in the modification of effective
refractive indices. Resonances of cladding modes fall short of core mode resonance as the higher cladding
modes have smaller indices compared to the core mode. Lag in the shift increases with increasing strain.
The equations (1)-(3) describe the principle of TFBG [34]. The TFBG grating period (4,) is given
as (1):

Ag = A/cosB Q)

where A is the grating period along the fiber axis and 0 is the tilt angle in accordance with the fiber axis. The
wavelength of core and i™ cladding mode resonances in the transmission spectrum of TFBG is given as,

Acore = (zneff,core A)/COS@ (2)
)‘f:lad = (neff,core + noieff,clad) A/cosB (3)

where A.ore, Ayyqq are the wavelength of core and i cladding mode respectively; Neff core: nf;ff_dad are the
effective refractive index of the core and i" cladding mode respectively.
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Figure 1. TFBG structure
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Figure 2. Transmission spectrum of TFBG
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2.2. Sensitivity of TFBG

The sensing principle of TFBGs is analogous to FBGs. The wavelength of the core and cladding
mode in the transmission spectrum will change according to the measurand applied. The tilt in the grating
structure induces different sensitivity to strain and temperature. Wavelength shift in core and cladding mode
resonances differs with temperature and strain, enabling simultaneous measurement of both. Equations (4)
and (5), which define the shift in the core and its cladding mode, characterize temperature sensitivity [34].

_ A Onegr | negr A _
A7\corre =2 (cose T + cos8 5 AT_ Kcore,T AT (4)
i A (fgrcoreMefrclad) |, (Mefrcore™Neftclad) OA i
i _ eff,core™ eff,cla eff,core™ eff,cla oA — i
A)\clad - (cose T + cosO aT AT K clad, T AT (5)

where A),,,. and AL, are the change in wavelength in core and cladding resonances respectively. Ay is
the change in applied temperature.

The applied strain in the TFBG results in the elongation of the grating period and refractive index
change. Equations (6) and (7) show how the strain sensitivity shifts the core and cladding resonances,
respectively [34].

_ A Onefr Neff OA _
Ahcore = 2 (cose de + cos® de Ar=Keore,e A 6)
i A 9 (igtcoretNefrclad) | (MeftcoreNefrclad) A i
1 — ell,core ell,cla ell,core efll,cla —_ L
A}\Clad - (Cose de + cos0 E As_ K clad,e As (7)

where A, is the change in applied strain. Equations (10) and (11) are obtained from (6) and (7) by considering
the substitution of (8) and (9) in it.

_ 1 ONeff core
Pcore = Neffoore P (8)
i _ 1 a(néff,core"'noiaff,cla\d) 9
pdad (nzsz,core+nleff,clad) o ( )
A)\C()re = )\core (1' pcore) As (10)
Miaa = Ntaa (- Petaa) Be (12)

The relation between wavelength shift and the applied temperature and strain for concurrent sensing is given

as [34].
(A}\core) _ <Kcore,£ Keore,r ) (Ag> (12)
A)\Lclad chlad,e chlad,T AT
Equation (12) states that simultaneous measurement is feasible by the shift in core and cladding resonances.

3. EXPERIMENTAL SETUP

The experimental setup to ascertain the sensitivity of the proposed TFBG is carried out with an
optical broadband source, proposed TFBG, an optical interrogator, and a testing chamber is shown in
Figure 3. The optical source employed is DL-BX9-CS5153A with 1.92 mW input power. It emits light with a
wavelength of 1,535 to 1,565 nm range. The interrogator (I-MON 256 USB) has a 1,525 to 1,570 nm
detection range and a resolution of 0.3 pm. TFBG proposed is of model T75. The fabrication used is the
phase mask method which is used for mass production of identical gratings. In this method, the inclination
angle is inscribed by keeping the phase mask and fiber at 90° to the writing beam and spinning the phase
mask. Table 2 provides the design specification of the proposed TFBG. The light emitted from the source is
connected to the proposed TFBG. The transmission spectrum is observed for wavelength shift in the receiver
end with an interrogator connected to a computer. Wavelength shift occurs in core and cladding resonances
according to the sensing parameter. Strain is applied to the polyimide-coated proposed TFBG in the form of a
change in humidity. Moisture absorption causes the coating to swell, generating a strain on the TFBG
underneath. The relation between the strain on the fiber due to moisture absorption is given as (13).
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Epi = Ap; * AH (13)

where &,; is the generated strain, ¢,; is the hygroscopic expansion coefficient of polyimide and AH is the
humidity change applied.

Figure 4 shows the real time investigation of proposed TFBG for concurrent temperature and heart
rate measurement with Figure 4(a) showing the test bench setup and Figure 4(b) showing the experimental
setup. For validation of measured data, the reference temperature and heart rate were measured using a
standard thermometer and heart rate monitor. The reference thermometer used for temperature measurement
is the TG8818B infrared thermometer. The testing range of the thermometer is 0 to 3cm and the testing speed
is 0.5 s. The accuracy is 0.3 °C and has a repeatability of £0.1 °C. The reference heart rate monitor used for
pulse rate measurement is the Rite check blood pressure monitor. It measures pulse rate, diastolic and systolic
blood pressure. The heart rate specifications are: Measurement mode is oscillographic testing mode, the
measurement range is 40 to 199 beats/ minute and accuracy is 5% of a pulse value.

Table 2. Parameters of proposed TFBG

Parameters Specifications
Grating length 15 mm
Grating profile Gaussian
Tilting angle 5°
Full width at half maximum (FWHM) 0.23 nm
Coating Polyimide
Reflectivity 98.246%
Connector Ferrule connector-angled physical contact (FC/APC)

Testing Chamber:with TEBG

Optical Broadband Source

3

TFBG positioned at wrist

Heart rate
‘monitor

(a) (b)

Figure 4. Real-time investigation of the sensitivity of TFBG for temperature and heart rate
(a) test bench setup and (b) experimental setup
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4. RESULTS AND DISCUSSION

The sensitivity of the proposed TFBG to temperature and strain was determined by placing the fiber
in the testing chamber and varying the parameters in a controlled environment. The temperature sensitivity
was calculated by varying temperature with a constant strain (constant humidity) of Ope. Figure 5 shows the
proposed TFBG's transmission spectrum for various temperature values. The core and cladding mode
resonances show a wavelength shift of 11.81 pm/°C at constant strain. Figure 6 shows the linearity in the
wavelength shift for applied change in temperature in Figure 6(a) core mode resonance and Figure 6(b)
cladding mode resonance. 14™ cladding peak resonance is considered for investigating the wavelength shift.
Strain sensitivity was determined by varying strain with constant temperature at 25 °C. Figure 7 shows the
proposed TFBG's transmission spectra for varying strain values. On observation, the core mode resonance
shows a shift of 1.73 pm/ue at a constant temperature. The cladding modes show differential shifts in
wavelength for varying strain. By analysis, it was found that the 14" peak cladding mode gave the maximum
wavelength shift, and the same was considered for calculating strain. Lag was found in cladding mode
resonance compared to core mode resonance for increasing strain. Figure 8 exhibits the linearity in the

wavelength shift for applied strain variation in Figure 8(a) core mode resonance and Figure 8(b) 14™ cladding
mode resonance.
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Figure 5. Transmission spectrum of proposed TFBG showing wavelength shift for varying temperature at
constant strain
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The real-time investigation of simultaneous temperature and heart rate measurement was performed
with the help of six volunteers (S1 to S6) (3 males and 3 females). The experiment was conducted in a
controlled lab environment after getting consent from the six volunteers. The volunteers' ages range from 20
to 36, their height from 155 to 185 cm, and their weight from 60 to 85 kg. The proposed TFBG sensor was
placed at the wrist position for all six volunteers and the reference measurement was done simultaneously in
the same environment condition. Each volunteer was tested for 180 seconds and the same was repeated
3 times. The measurement was taken for 180 seconds and the value at the end of the measuring period was
taken for validation. Figure 9 shows the transmission spectrum of the proposed TFBG for real time
investigation. Figure 9(a) shows the transmission spectrum for all six volunteers and Figure 9(b) compares
the spectrum of S1 and S4 for a better understanding of wavelength shift in resonances.

From the spectrum, it was determined that the core mode resonance exhibits a wavelength shift of
11.2 pm/°C for the temperature change. The varying heart rate was measured from the wavelength shift of
the 14" cladding mode since it shows the maximum change for applied strain. The wavelength shift in core
and cladding mode resonances for all six volunteers is shown in Figure 10. It was observed that, on average a
heartbeat produces a wavelength shift of 28.62 pm in 14" peak cladding resonance.
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Temperature was computed from the wavelength shift of core mode resonance and heart rate was

calculated from the time interval between the peaks of the 14" cladding mode resonance. To estimate time
intervals between peaks, a separate set of data was recorded for each volunteer for 10 s, which computed the
intensity of the cladding peak against the timestamp. Figure 11 shows the number of peaks recorded for
6 seconds for volunteer S4 with normalized amplitude. S4 is shown for instance as heart rate for S4 volunteer
is maximum among all volunteers (102 bpm).

Heart rate =
T,

60

avg

The heart rate is calculated from the time interval between peaks as given [11].

where Tg,,4 is the average time interval between successive peaks.
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Wavelength Shift (nm)

Wavelength (nm)

(b)

1550 = - - - - - -
1549
1548
1547
1546_: —a— Wavelength Shift in Core mode
i ® Wavelength Shift in 14th Cladding mode
1545
1544
1543
1542 ) ® —o
e i - o
1541 l L L Ll L A
S1 S2 Ss3 sS4 S5 S6
Volunteer

Figure 10. Wavelength shift for core and cladding resonances for six volunteers

Tilted fiber Bragg grating based optical sensor for simultaneous measurement of ... (Ramya Arumugam)



1442 O3 ISSN: 2088-8708

——— Normalized Amplitude of 14" Cladding Peak of S4
| Peak Centers of "Normalized Amplitude™

3 mj "‘3 /\S F / f //‘m /,: ,’Aiv /\v /f ;’
8 084 “ [ //\ 't 4 /\ “/\ /\ //
P ]\/ I \i ARravAmval
;E o.s-: / / U k / \/{’ l_/ /,/ V l/, \
8 04 |
B
S 02-4/

A A S T

Time (s)

Figure 11. Number of peaks and the time interval between peaks for volunteer S4

Table 3 shows the temperature measurement carried out for six volunteers. Measurement was done
for 180 seconds, and the temperature was measured by a reference thermometer every 30 seconds. Table 4
shows heart rate measurements conducted for all volunteers. Measurement was taken for 180 seconds, and
validation was done with a reference heart rate monitor for every 90 seconds. An average accuracy of
99.68% and 98.42 % was achieved in temperature and heart rate measurements by the proposed TFBG
Sensor.

Table 5 summarizes all temperature and heart rate measurements for six volunteers, with an error in
validation using reference devices. The next highest integer value from the mean was considered for
measured heart rate values. The average response time was found to be 3 seconds for the proposed TFBG
sensor for both temperature and heart rate measurements.

The comparison of measured sensor and reference values is analyzed using the Bland-Altman plot.
Bland Altman states that the reproducibility of the sensor is good if 95% of measured data lies in the £1.96
standard deviation range and the method used for measuring is acceptable in medical practices. Figure 12
shows the Bland Altman plot analysis for temperature as shown in Figure 12(a) and heart rate as shown in
Figure 12(b). From the figure, it is observed that the proposed method of simultaneous measurement of vital
signs using TFBG can be extended to real-time implementation. Table 6 lists the major findings of the
proposed TFBG sensor compared with the FBG sensor. The real-time investigation was carried out in ideal
conditions and variations may be found in real-world scenarios.

Table 3. Temperature measurement of volunteers

Volunteer Temperature Time (s) Relative error (%) Accuracy (%)
readings (°C) 35 60 90 120 150 180 Mean | Reference ~ Tmeasurea| .o (100-error)
| TMeasured I
S1 Reference  36.2 36.2 363 363 363 363 36.3 0.27 99.73
Measured  36.2 36.2 363 362 363 362 362
S2 Reference 36 361 362 362 362 362 362 0 100
Measured  36.2 363 36.1 362 36.2 362 362
S3 Reference  36.3 36.3 363 363 363 363 36.3 0.27 99.73
Measured 36 362 362 362 362 362 362
sS4 Reference 361 361 36 36 36 36 36.0 0.55 99.45
Measured 358 357 358 358 358 358 358
S5 Reference  36.3 36.2 36.2 362 36.2 362 36.2 0.27 99.73
Measured  36.2 36.2 36.3 363 363 363 363
S6 Reference 364 36.2 363 363 363 363 36.3 0.54 99.46
Measured 36.5 364 365 365 365 365 365
Average accuracy 99.68
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Table 4. Heart rate measurement of volunteers

Volunteer  Heart rate readings (bpm)  Time (s) Mean Relative error (%) Accuracy (%)
90 180 |HReference HMeasuredl % 100 (100‘Err0r)
| HMea ured |

S1 Reference 82 81 81.5 1.87 98.13
Measured 80 80 80

S2 Reference 89 89 89 111 98.89
Measured 90 90 90

S3 Reference 99 100 995 0.5 99.5
Measured 100 100 100

S4 Reference 102 102 102 0.99 99.01
Measured 101 101 101

S5 Reference 81 82 81.5 3.16 96.84
Measured 79 79 79

S6 Reference 79 80 79.5 1.85 98.15
Measured 81 81 81

Average accuracy 98.42

Table 5. Summary of temperature and heart rate measurement of volunteers

Volunteer  Reference  Reference Measured Measured Error in Error in
temperature  heartrate  temperature  heart rate temperature heart rate
(0 (bpm) Q) (bpm) (°©) (bpm)
S1 36.3 82 36.2 80 0.1 2
S2 36.2 89 36.2 90 0 1
S3 36.3 100 36.2 100 0.1 0
S4 36.0 102 35.8 101 0.2 1
S5 36.2 82 36.3 79 0.1 3
S6 36.3 80 36.5 81 0.2 1
04
| [ = (Reference - Measured)| Upper Limit ®_(Reference-Measured)|
03 o e =
9 = =t 1 ]
O 024 £
8 ] " é‘: 24 a
° —_
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Figure 12. Bland Altman plot for (a) temperature and (b) heart rate measurements

Table 6. Major findings of the study

Parameters FBG TFBG
Temperature sensitivity 12 pm/°C 11.81 pm/°C
Strain sensitivity 1.2 pm/pg 1.73 pm/pe
Simultaneous measurement NA 11.2 pm/°C, 28.62 pm per heartbeat
Accuracy 96% 98.5%

5. CONCLUSION

Continuous and simultaneous monitoring of various vital signals using a single sensor is an essential
stumbling block that needs to be addressed. The proposed TFBG-based optical fiber sensor acts as a solution
for that, which enables simultaneous temperature and heart rate measurement based on the wavelength shift
in the core and cladding mode resonances. The proposed TFBG-based optical sensor has a sensitivity of
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11.81 pm/°C and 1.73 pm/pe toward changes in temperature and strain respectively. The average response
time was determined to be 3 seconds, and the temperature and heart rate measurements yielded average
accuracy of 99.68% and 98.52%, respectively, evincing the accuracy of the sensor. Proposed sensor
measurements are analyzed using Bland Altman statistics and found to be acceptable practices that can be
implemented for real-time monitoring. Future enhancement can be done by implementing machine learning
in the automatic detection of wavelength shifts, making it possible to function as a prototype.
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