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Abstract: This paper suggested a biosensor structure using an offset technique between two similar coreless fiber
(CF) segments spliced between two single-mode fibers (SMF) for refractive index (RI) measurement of the liquid
pharmaceutical, where experimented with different lengths of CF sections for 10 mm, 15mm, 20 mm, and 25 mm with
different offsets for 2.6 pm, 6.4 um, and 18.3 um of symmetric CF sections. This sensor tests different refractive
indices (1, 1.333, 1.337, 1.369, 1.393) of liquid pharmaceuticals The wavelength shifting increases with decreasing
length or displacement of offset. The highest sensitivity was achieved, 255.5 nm/RIU, with the smallest sensor size,
corresponding to the highest refractive index of 1.393 for the Histadin syrup drug, obtained using the optimal length
and offset. This sensor has the capability to detect various refractive indices of chemicals and biochemical liquids.
Advantages of the proposed sensor include high sensitivity, adaptability, enabling faster real-time measurements, ease
of manufacturing and operation, compact size, lightweight design, and low cost.
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1. Introduction

Optical fiber biosensors (OFBS) are attracting an increasing number of researchers due to their advantages
of high sensitivity and flexibility, enabling quicker and real-time measurements, ease of fabrication and
operation, small size, lightweight, and low cost. This is because OFBS has a wide range of applications in
the healthcare industry, including blood pressure monitoring, blood sugar monitoring, pharmaceutical dose
control, drug identification, food control, and many other applications that require this type of sensor
[1,2].

Optical biosensors are technologies that track changes in light properties like refraction index,
absorption, fluorescence, or light scattering brought on by the interaction that recognizes biological or
chemical reaction processes by producing signals proportional to the concentration of an analytic in the
reaction. Biological materials (such as enzymes, antibodies, antigens, receptors, nucleic acids, cells, and
complete tissues) are analyzed using biosensors to assess the identity of illegal substances and to identify
the formation of new pharmaceuticals [3-5]. Most optic fiber sensor structures achieve the principle work
of Mach-Zehnder Interferometer MZI, which has been implemented using different fabrication techniques
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such as optical fiber tapers [6, 7]. thin core fibers (TCF) [8], long-period grating cascade structures [9, 10]
Photonic crystal fiber (PCF) [11], coreless fiber (CF)[12,13], and offset technique [14-16]. The offset
structure of similar coreless fiber splits the light into two parts: one of them is the fundamental core mode
propagating in the CF represented as core mode, and the other one is the drug sample represented as
cladding modes; the different optical paths of the residual core mode and cladding modes could form an
intermodal MZI [24]. The transmission spectrum of the interferometer is simply expressed as that of a two-
mode interference:

I=1Ieo+ I+ 24/Io I cos@ (D

Where / is the light intensity of the output light, Ico represents the intensities of the core, Ic/ defines as
the cladding mode, and @ = is the phase difference of the two interference modes, which can be expressed
as [25]:

_ 2n(nco— ncl)Lesy
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Where nco represents the Rls of the optical fiber core, ncl is the effective cladding, L.z represents the
effective length of the two-mode interference paths, and A is the wavelength in vacuum.

When @ = (2i + 1) m, i is a positive integer, the interference dip appears, and the wavelength dip can be
expressed as:

__ 2n(nco—ncl)Leff
- Qi+

A (3)

From Eq. 3, it can be seen that for the fixed interference path length, the position of the interference dip
depends on the effective RI difference between the core and the cladding mode [26]. When the external
environment RI changes, the effective RI of the cladding mode will change, while the effective RI of the
fiber core mode will not change, which will lead to a change in the position of the wavelength dip [26],
[25]. CF interacts with SMF to efficiently stimulate high-order cladding modes[17]. Meanwhile, CF can be
used as a coupler in the sensor to split light and combine light. [18,19]. This work used the offset technique,
compared to the other techniques, the offset technique has a simpler fabrication process with less
complicated equipment.

In this study, was proposed a new structure has small size of the sensing region makes it easier to work
with less susceptible to breakage, less consumption of coreless optical fiber when fabricating the structure,
less waste of samples to be tested for their refractive index and lower cost compared to offset structure in
previous studies. This structure achieved the highest sensitivity 255.5 nm/RIU, a smaller size due to using
only 20 mm of sensing arm from CF segments. In the previous studies [20] proposed a single-mode fiber
(SMF) sensor based on a core-offset inter-modal interferometer whose refractive index sensitivity was -
64.889 nm/RIU in 2014 Jingli Fan et al [20]. In another study proposed a highly sensitive Mach-Zehnder
interferometric refractive index sensor based on core-offset single-mode fiber the higher refractive index
sensitivity of 78.7nm/RIU in 2015 Yong Zhao et al [21], while the proposed refractive index sensor based
on the lateral offset of coreless silica interferometer achieved a higher refractive index sensitivity was 750
nm/RIU in 2018 Nur Faizzah et al. [22], and finally suggested S and U shape offset studying of the refractive
index sensor based on coreless fiber higher sensitive was achieved in a novel S-shape equal 98.768 nm/RIU
in 2022 Aya R. Mejble et al. [23].

This study showed the benefits of offset with similar sections of coreless fiber the sensitivity increasing
when decreasing the length of coreless fiber sections. That achieved a smaller size of sensor device easy
fabrication, easy to carry, low cost and it can link with accurate devices to be used in other applications.
We used a structure for biosensor applications to detect the identity of liquid pharmaceutical droops and
syrups, which, when increasing the refractive index, increases the wavelength shifting in a red direction.
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2. Sensor Fabrication Process

The optical fiber sensing structure is shown in Figure 1, where d is the offset displacement, and L is the
length of sensing regain. The single mode coreless-coreless single mode (SCCS) sensor structure comprises
two segments of single-mode fiber (SMF) and two segments of coreless fiber CF in between. The four
segments are spliced together. The schematic diagram of the (SCCS) sensor configuration is depicted in
Figure 2 (a) the Left side for SMF input auto-splicing with CF, (b) the Right side for SMF input auto-
splicing with CF, and (c) the offset splicing point of CF.

Fig.1. Schematic of sensing structure: A is the auto-splice point, B is the offset point, and C is
the auto-splice point. ¢ and e are similar sections of coreless fiber (CF). a, b are lead-in and lead-
out of single-mode fibers (SMF).

SMF CF CF SMF
e (&
a b ¢ b

(a)

Mazual fusiea splicing
SMF CF l CF SMF
(<)

Fig.2: (a) Left side for SMF input auto splicing with CF, (b) Right side for SMF input auto splicing with CF and (c)
Offset splicing point of CF.
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The different offsets tested (2.6 um, 6.4 um, 12.1 pm, 18.3 pm), were tested by splicing each one of them with the
different lengths of similar CF (10mm, 15 mm, 20mm, and 25mm). The offset point displacement was measured by
microscope magnification 10X, and the length of CF was measured by a ruler. A microscope images for different
offset distances (d) were shown in Figure 3 (a) d= 2.6 um, (b) d= 6.4 pm, (c¢) d= 12.1 um, and (d) d= 18.3.

(a)

(b)

Fig.3: A microscope images for different offset distances, (a) offset for 2.6 pm, (b)
offset for 6.4 pm, (c) offset for 12.1 pm, (d) offset for 18.3 pm.
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Fig.4: Sensor setup system.
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The sensor setup system is shown in Figure 4. The structure configuration consisted of two SMFs lead in
/lead out, and with SMFs lead in auto-spliced first section of CF (the coreless fiber is a special type of
multimode fiber with uniform refractive index 1.444) (Thorlabs), a second symmetric section of CF that
spliced with SMFs lead out and was spliced the two sections offset between them shows in figure 2 (a, b
and c). The liquids pharmaceutical samples that were used for testing (Dististuled water, Nazordin droops,
Allermine syrup, and Histadin syrup) have different RI (1.333, 1.335, 1.379, and 1.383) respectively. That
is measured by (the ATAGO Refractometer). The sensor encompasses a broadband source (BBS) Thorlabs
S5FC10055) with a wavelength range of (1400 nm to 1650 nm). To identify the response transmission
spectra of the pharmaceuticals liquid sensor, BBS was joined to the SMF-CF-CF-SMF (SCCS) structure
from the first section of SMF, and the second section of this structure was joined to an optical spectrum
analyzer (OSA YOKOGAWA AQ6370C) display in Figure 4. A fusion splicer (Fujikura FSM-60S) with
manual mode CF-CF offset splicing was used as shown in Figure 5.

—

Loss x xxdB e X

Fig.5: CF-CF offset splicing.

3. Experiment results and dissection

In this work, the effect of length and offset distances on sensor sensitivity was investigated in this study
were tested for each length (10mm, 15mm, 20mm, and 25mm) with different offsets (2.6 um, 6.4 um, 12.1
um, 18.3 pm).

The sensitivity of the SCCS sensor for each offset was measured by wavelength shifting. The RI
biosensor sensing performance was investigated as shown in Figure 6 (a, b, ¢, and d), Figure 7 (a, b, c and
d), Figure 8 (a, b, ¢, and d), and Figure 9 (a, b, ¢ and d) and Tables (1, 2, 3, and 4).

A. Experiment results and dissection for L=10 mm:

The first structure for L=10 mm with offset d=2.6 pum achieved higher sensitivity, which equaled 255.5
nm/RIU with wavelength shifts 23 nm, and the second structure with offset distance d=6.4 um achieved
sensitivity equaled 203.3 nm/RIU with wavelength shifts 18.3 nm while the third structure with offset
distance 12.1 pm was achieved 218.8 nm/RIU with wavelength shifts 19.7 nm but it was unstable, finally
the forth structure for 18.3 um where the absence of dips this indicates that this offset with this length is
not suitable.

Figure 6 displays how transmitted power varies with wavelength shifting for length L= 10 mm with
each offset distance (a) d=2.6 um (b) d= 6.4 um, (c) d=12.1 um, and (d) d=18.3 pm of similar sections of
CF when the RI changes from 1 to 1.393.
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Fig.6: The Wavelength shifting at L=10 and variable d: (a) d=2.6 um (b) d= 6.4 um, (c) d=12.1 um, and (d) d=18.3
pm.

Table 1. displays the wavelength shifts for L=10 mm at each offset distance.

Offset distance (um) 2.6 6.4 12.1 18.3
Sensitivity (nm/RIU) 255.5 203.3 218.8 -
Wavelength shifts (nm) 23 18.29 19.7 -

B. Experiment results and dissection for L=15 mm

The first structure for this length with offset d=2.6 um achieved a sensitivity equaled 222.7nm/RIU with
wavelength shifts 20 nm, and the second structure for offset d=6.4 pm achieved a sensitivity equaled 227.7
nm/RIU with wavelength shifts 20.5 nm. In contrast, the third structure for offset 12.1 um the absence of
dips this indicates that this offset with this length is not suitable. Finally, the fourth structure for offset 18.3
pum achieved 231.1 nm/RIU with wavelength shifts 20.8 nm. Figure 7 displays the wavelength shifts for
length L= 15 mm with each offset distance (a) d=2.6 um (b) d= 6.4 pm, (¢) d=12.1 um, and (d) d=18.3 pm of
similar sections of CF when the RI changes from 1 to 1.393.
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Fig.7: The Wavelength shifting at L=15 for offset distance d: (a) d=2.6 um (b) d= 6.4 um, (c) d=12.1 pum, and (d)
d=18.3 pm.

Table 2. displays the wavelength shifts for L=15 mm at each offset distance.

Offset distance (um) 2.6 6.4 12.1 18.3

Sensitivity (nm/RIU) 222.7 227.7 - 231.1

Wavelength shifts (nm) 20 20.5 - 20.8

C. Experiment results and dissection for L=20 mm

The first structure for this length with offset d=2.6 pm achieved a sensitivity equaled 212.7nm/RIU with
wavelength shifts 19 nm, and the second structure for offset d=6.4 um achieved a sensitivity equaled 214.4
nm/RIU with wavelength shifts 19.3 nm while the third structure for offset 12.1 um the absence of dips this
indicates that this offset with this length is not suitable, finally the forth structure for offset 18.3 um achieved
231.1 nm/RIU with wavelength shifts 20.8 nm. Figure 8 displays the wavelength shifts for length L= 20
mm with each offset distance (a) d=2.6 um (b) d= 6.4 um, (¢) d=12.1 um, and (d) d=18.3 pum of similar
sections of CF when the RI changes from 1 to 1.393.
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Fig. 8. The Wavelength shifting at L=20 for offset distance d: (a) d=2.6 um (b) d= 6.4 um, (¢) d=12.1 um, and (d)
d=18.3 pm.

Table 3. displays the wavelength shifts for L=20 mm at each offset distance.

Offset distance (um) 2.6 6.4 12.1 18.3
Sensitivity (nm/RIU) 212.7 2144 - 227.3
Wavelength shifts (nm) 19 19.3 - 20.4

E. Experiment results and dissection for L=20 mm

The first structure for this length with offset d=2.6 pm achieved a sensitivity equaled 197.3 nm/RIU with
wavelength shifts 17.8 nm, and the second structure for offset d=6.4 um achieved a sensitivity equaled
190.4 nm/RIU with wavelength shifts 17.2 nm while the third structure for offset 12.1 um achieved 220
nm/RIU with wavelength shifts 19.8 nm finally for offset18.3 um the absence of dips this indicates that this
offset with this length is not suitable, finally the forth structure for offset. Figure 9 displays the wavelength
shifts for length L= 25 mm with each offset distance (a) d=2.6 um (b) d= 6.4 um, (¢) d=12.1 um, and (d)
d=18.3 um of similar sections of CF when the RI changes from 1 to 1.393.
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Fig.9: The Wavelength shifting at L=25 for offset distance d: (a) d=2.6 um (b) d= 6.4 um, (c) d=12.1 pum, and (d)
d=18.3 pm.

Table 4. displays the wavelength shifts for L=25 mm at each offset distance.

Offset distance (um) 2.6 6.4 12.1 18.3

Sensitivity (nm/RIU) 197.3 1904 220 -

Wavelength shifts (nm) 17.8 17.2 19.8 -

We observed from this structure that sensitivity varied with length. The sensitivity increases as the length
of the similar CF segments decreases. The wavelength shifts towards the long wavelength (red shift) when
increasing the RI of samples. It is evident from the study of offset distance that the optimal offset at 2.6 pm
with a length of CF-CF 10 mm. The reason for the high sensitivity of this new shape sensor is caused more
evanescent waves could interact where there was more high order mode can be interference at three splicing
areas when the refractive index was increased from 1 to 1.393. It has been proved that the offset and length
of the CF - CF segments important parameters to increase the sensitivity of the sensor device. The refractive
index biosensor synthesizes the merits of single mode coreless- coreless single mode (SMF-CF-CF-SMF)
smart sensitive material with high flexibility in the design of accuracy in identifying and testing the
construction of the drugs.
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Table 5. Comparison between the sensitivities of this work and other RI sensors.

Offset Refractive Sensitivity

Sensor Structure . . Reference
Displacement index range (nm/ RIU)

Core offset FBG-SMF-SMF 8.1 um 1.3232 to 1.3520 13.7592 nm/RI [25]
SMF-peanut shape-SMF- core-off
section-SMF 12 pm 1.333-1.373 -72.4 [26]
core offset SMF -
SMF- SMF with

7.5 um 1.33 to 1.347. 16485 nm/RIU [27]
tapered micrometers
SMF Taper-core-offset
section AFMZI 6 um - 59.2 [28]
S and U-shapes study the effect of
shape offset sensor 12.268 pm 1.33t0 1.38 98.786nm/RIU [39]
SMF-CF-CF-SMF offset effect 2.6 um 1to 1.393 255.5 nm/RIU In this study

4. Conclusions

In this work, a Refractive index biosensor based on the offset technique of coreless fiber was fabricated by

the fusion splicer. The sensing part was composed of a similar section of CF that was spliced by the offset
technique. The wavelength shifts of the sensor with different offset displacements and lengths were
investigated. The experimental results showed that the sensitivity increased as the length of similar CF
decreased, and when the offset displacement was 2.6 um, and the length of a similar section of CF-CF was
10 mm, the RI sensitivity of 255.5 nm/RIU was obtained within the RI range from 1 to 1.393. The sensor
exhibits the advantages of simple structure, high sensitivity, small size, low cost, and easy fabricating.
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