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Keywords: In this study, analytical and experimental research of V-grooved polymer optical fibers (POFs)’
Polymer/plastic optical fiber optical power loss characteristics is carried out. A simple mathematical model that can determine
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the optical output power and loss in the V-grooved structure depending on the groove angle and
depth has been developed using geometric optic approaches. This model is used to analyze the
effects of groove parameters and fiber diameter on optical output power in detail. Then, a low-
cost and efficient groove fabrication process is performed, and V-grooves with 45° half-angle
and 200 um groove depth are created on POFs with diameters of 1 mm, 2 mm, and 3 mm to
be used in the experiment. When the effect of groove numbers ranging from 5 to 25 on the optical
output power is examined, the behavior obtained from the experimental results is compatible
with the analytical results. Output power can be estimated with greater than 95% accuracy for V-
groove POF structures, optimizing the ratio of groove depth to fiber core radius for a specific
groove angle.

1. Introduction

Nowadays, plastic or polymer optical fibers (POFs) are of great interest because they have both the simplicity of copper cables and
the speed characteristics of silica fibers. Although most optical fibers are made of doped silica glass, POFs are becoming widespread in
different fields thanks to these superior properties. Due to its advantages such as POFs have large alignment tolerances, can be
terminated with inexpensive connectors, are lighter, allow operation in the visible spectrum, are more flexible due to bending, shock,
and vibration resistance, immunity to electromagnetic interference, use of low-cost and straightforward test equipment, require
cheaper light-emitting diode sources and photodetectors, it is attracting the attention of researchers and the industry [1]. Moreover,
with minimal training and elementary tools, an amateur can quickly terminate a POF in a couple of minutes. However, POFs have
disadvantages such as high losses at long distances, limited systems and suppliers, lack of knowledge in installation and design, and
limited research and development studies [1,2]. Despite all these disadvantages, POFs are increasingly important in applications that
do not require long transmission distances, such as biomedical, automotive, aircraft control systems, and consumer electronics [3].
Besides short distance communication applications, POFs are used in decorative and lighting for road signs, museums where the
feature of not transmitting ultraviolet radiation is handy, widely used in image transmission, and endoscopes and sensing applications
[4].

One of the most important application areas of POFs is sensors, and most sensing assemblies produced with POFs made of different
polymers are based on simple and convenient intensity-based systems [5]. In the literature, physical and chemical parameters can be
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Fig. 1. Elemental source area dS emits light into solid angle d2 within a cone of half-angle 6.

detected such as liquid level [6,7], vibration [8,9], gas monitoring [10], sugar content [11], milk fat [12,13], refractive index [14],
curvature [15], strain [16], and nucleic acid [17]. All these sensor groups can be classified into four groups as bulk scattering, bending,
surface plasmon resonance, and surface structural modification [1,18]. In the first bulk scattering, by adding nanomaterials to POFs,
certain absorption and scattering centers are created in the structure. The second, bending, is based on the principle that the light
interacts with the environment as side-emitting by bending the fiber in certain proportions and shapes. In the third, surface plasmon
resonance creates an evanescent field on the surface by coating different metallic materials on the fiber core. Finally, surface structural
modification; is based on the principle that the light is side-emitting from these regions by creating perforations on the fiber surface and
interacting with the environment [19]. Among these four, the surface structural modifications technique draws attention because it is
easy and low-cost.

Surface structural modifications, which cause light leakage from the fiber surface by preventing the total internal reflection (TIR) in
the fiber, can be formed in a controlled manner with a smooth geometry or in a random way [18]. Fabrication processes are based on
abrasive material removal, chemical, and thermal surface structural modifications. Researchers have performed different types of
side-emitting processes by forming rectangular [20], curved [21], V-shaped [22] grooves on the fiber surfaces. Although the geometry
based on the V-groove shape was introduced in the early seventies [23], it was used in a curvature sensor application by Djordjevich
and Boskovic in 1996 [24]. Djordjevich et al. used the curvature sensor they developed in the following years experimentally in
deflection [25,26], strain [27] measurements. The first analytical study was carried out by Kovacevic et al. in 2008, in a study group
that Djordjevich was also in [22]. This analytical equation for curvature detection, which is not precisely resolved, was used exper-
imentally by Fu et al. in their light intensity modulation-based study for curvature detection [28,29]. Similar studies continued by Di
et al. [15,30] and Zhi and Di turned the curvature sensor into a mechanism for detecting wind speed in their recent study [31]. Shen
turned V-groove structures into wearable form-fit fiber fabrics for phototherapy applications [32,33]. In the following years, Wei
Zheng continued similar wearable applications for human respiration monitoring [16]. In this way, different wearable applications
based on the same basic principle continue up to date [34-36]. Teng et al. have performed displacement sensing using the easy
fabrication and low-cost features of the V-groove structure [37]. In all of these studies, the curvature gauge feature of the first
appearance of the V-groove structure is used.

Straight applications of the V-groove structure were used by André et al. to monitor the concrete curing process [38]. The study
tried to determine the cement setting ratio during the curing period by monitoring the intensity of the light signal received from the
output of the V-groove structure over time. The liquid level measurement in oil piping or fuel tanks was carried out experimentally by
Antunes et al. [39]. Mesquita et al. used a similar structure for monitoring groundwater levels [40]. Similar studies, which are based on
the principle of increasing the optical intensity at the output by re-guiding the light beam leaking from the fluid-filled between the
grooves to the fiber, continue until today [41-44]. The common feature of the studies is intensity-modulated experimental applications
based on the principle of correlating the changing optical power at the output of the straight multiple V-grooved structures with the
liquid level or the refractive index of the liquid. However, the lack of a mathematical model for the determination of the power to reach
the output according to the groove geometry and number of the straight multiple V-groove structures in the literature limits the di-
versity and potential of these applications.

In this study, an analytical model is derived for determining the optical intensity at the output according to parameters of V-grooves
on a straight POF. Thanks to this developed model, a detailed analysis of the power to reach the output according to the groove depth,
groove angle, and a groove number have been made for fibers of different diameters. Grooves of specific geometric sizes and numbers
were fabricated on POFs with 1 mm, 2 mm, and 3 mm diameters. The optical power at the output was measured to validate the model.
The obtained experimental results were compared with the analytical model, and the compatibility of the results with each other and
the model’s accuracy was proved. This developed model will allow researchers to associate the power to reach the output with the
parameter to be measured in sensor designs.

2. Model development
2.1. Theory

A light source can be defined by the amount of power in a conical shape spreading out from the differential dS element belonging to
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Fig. 2. Geometry of V-grooved POF, (a) 3D, (b) cross-section view.

its surface. In Fig. 1, the differential dS element 0 propagates in a half-angle cone. The light emitted in the d< area at an angle of
6p with the normal to the source surface has a density I(6y) emitted per unit area of the source. Thus, the radiated power is given by Eq.
(1) [45].

P {I(GO)deQ, 0<6 <6 }

0, O <0 <m/2 @

Where d@ shown in Fig. 1 is the element of the solid angle.

The diffuse or Lambert source term benefits when each differential area dS of the source emits light in all directions. This is the most
common source in practice and approaches the output of light-emitting diodes. The density distribution of 6= n/2 Lambertian sources
is given by Eq. (2) with I constant [22,45].

1(90) = I()COSH(), 0 < 90 < 7[/2 (2)

(r, ) are polar coordinates relative to the fiber axis and (6o, 6,,) are spherical polar angles concerning the incidence normal vector to
indicate the area, dS, and solid angle, d2, are given in Eq. (3) and Eq. (4), respectively.

dS = rdrde 3)

dQ = sinfyd6,ydo, (C))
where the range of source-ray directions satisfies 0< 6p< 7/2, 0 < 6,< 2z, and the range of positions on the end face satisfies
0 <r<R,0<¢ < 2x The dP power element radiating from the dS area at a solid angle of dQ takes the following form.

dP = IycosOyrdrdpsindyd0ydo,, (5)

By integrating Eq. (5), the total power radiated by the source in all directions, P, can be calculated over the full range of values for
each of the four variables given above.

2 /2

R 2
P, = / rdr / do / de, / Iycos0ysinbydb, 6)
0 0 0

0
Here the illumination is uniform and Py, can also be given as in Eq. (7).
P = 1°R*Iy @

Along the cross-sectional area (S,,) of fiber with radius, a, and acceptance angle 6, shown in Fig. 2, the total luminous power, Py, is
obtained by integrating the dP given in Eq. (5). The Pj, is the amount of power corresponding to the cross-sectional area, S, of the fiber.
Therefore, in integration, the upper limit of r is a, and the upper limit of 6y is 6,.

a 2n 2 04
P, = / rdr / do / de, / IycosBysindydb, (8)
0 0 0 0

Eq. (8) can also be expressed as [2],
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Py, = / 24/ (a® — h3)dh, / de, / Iocosfsindydd, 9

0 0

Where h; represents the outward radial distance from the fiber core axis, as seen in Fig. 2(b), the same expression in Eq. (10) is obtained
from the solution of both equations.

P, = m*a*l,sin®0, (10)

Here the acceptance angle, 6,, is given as,

(2, —n2)"?

sind, = an

no

Where ng,, n, and ng represent the refractive indices of the fiber core, fiber cladding, and medium, respectively.
The optical power corresponding to the surface of the first groove, S, of the structure in Fig. 2, is expressed as,

2T Oy
P, = /, 2c0s84/ (a? 7hf)dh1 /dé’(,,/lgcosﬂosineodﬁo 12)
0 0

Where h and 6 represent groove depth and groove half-angle, respectively. Eq. (13) is derived from the solution of Eq. (12). The optical
power reached the groove can be calculated from Eq. (13).

2 —h
P, = cosé{(%) —(a—h)V2ah— 17 —a*sin”" (“—) }n:losinzﬂa (13)
a
Thus, thanks to being able to calculate Pg, the proportion of power on surface S is found as,

p cosé{(’%”) — (a— h)V2ah — 2 — a*sin”" (ﬂ> }ﬂlosinzea
8

a
a=-2=

- 14
Py, n2a?lysin®0, a4)

When this equation is simplified, we get a helpful equation that depends on the h/a ratio,

a= %s {(n/z) — (1= hja), /Z(h/a) — (h/a)? —sin"\(1 —h/a)] (15)

Provided that all the V-grooves are identical, the power ratios « in the other grooves will also be the same. Accordingly, the amount
of power that can reach the output by passing all the grooves is defined as in P, Fq. (16). The obtained equation is compatible with the
literature [29]. Expressions in parentheses in Eq. (16) represent the relative loss values for a single groove. Therefore, the output power
in a POF structure consisting of N grooves is obtained as follows.

P\" v
Poy =Py (1 —— :Pin(l_a) (16)
In this case, the relative transmission loss, P, can be calculated as follows,

P in P out
op =1 17
Py, 17
It is also possible to alternatively calculate the output power at the end of the groove structure. For a POF with identical multiple V-
grooves as in Fig. 2, we can obtain the power loss for the first groove.
Py =Py (18)

Since the power ratio in each groove to the power at the input will be the same due to the above assumptions, the powers in the
second and third groove are given as follows.

P, P,
sz:(Pi*I*Pgl)IT_g: g< 71Tg) 19)
Py Py ’
Pm:(Piﬂfpg:*sz)Pf:Pg P (20)

The same process is repeated for the remaining grooves, and the power in the Nth groove becomes as follows.

P, P, N-1
Py, = (Pi"7P31 7Pg:7Pgsf---7PgN4)Pf:Pg lfpf (21)
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Fig. 3. Ray paths in V-grooved POF.
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Fig. 4. Variation of the power ratio, Pg/P;, with (a) the groove depth for various groove half-angle, (b) the groove half-angle for various
groove depth.

The sum of the optical powers in the N grooved system can be obtained.

N P i—1 P N
Pgtol:ng(lfpig) :Pin7P[n<17Pig) (22)
i=1 in in

The difference between the input power of the fiber and the total power in the grooves is equal to the output power when fiber
termination losses and other additional losses are neglected. Therefore, the term P, can be re-written as Eq. (23).

P\ .
Pout:Pin_Pgwr:Pin 1—-—= :Pin(l_a) (23)

in
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Fig. 5. Variation of the power ratio, P,,,/P;, with (a) the groove depth for various groove half-angle, (b) the groove half-angle for various groove
depth. (Groove number=1).

This equation agrees with Eq. (16) obtained above. This equation represents the power losses due to the grooves.

As seen in Fig. 3, the optical power on the surface of the V-groove contains the refracted and reflected power. Some of this reflected
power will be refracted from the opposite interface [18], and some will return to the fiber input [32]. In other words, the light rays
corresponding to the S, surface represent the loss powers that cannot reach the output because they cannot satisfy the TIR condition
[46]. The amount of reflected and refracted light depends on the groove geometry, the angle of incidence, and the refractive indices of
both the fiber core and the medium in contact with the core.

2.2. Numerical results

We mentioned that for the V-grooved POF, since the optical power from each groove is now computable, the incident light from the
groove will create a loss mechanism that will not reach the output. To better understand the behavior of the analytical solutions given
by Eq. (15) according to the groove parameters, the calculations according to the groove depth and groove half angle for the single
groove structure are shown as in Fig. 4. 1 mm diameter POF with a core radius of 490 mm was used in the calculations. Depending on
the groove geometry, the optical power that will be lost can be optimized according to the application area. It is seen that the power
loss increases as the groove depth increases, but the power loss decreases with the rise of the groove half-angle. As explained in Section
2.1, the incident light into the groove surface causes loss with different scenarios, making it difficult to measure this power.

In a POF, the optical power at the output is intentionally or unintentionally weakened due to different loss mechanisms. The
transmission, coupling, etc., induced losses are negligible compared to V-groove losses, which are a good alternative for sensor ap-
plications. The typical attenuation is 150 dB/km @ 650 nm, and the attenuation is approximately 0.037 dB for a 25 cm section
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Fig. 6. Variation of the power ratio, P,,/P;, with (a) the groove depth for various groove half-angle, (b) the groove half-angle for various groove
depth. (Groove number=20).

produced from POF. This attenuation does not cause a significant change in output power. Therefore, by calculating the power
reaching a single groove, the optical power at the output of the groove structure can be estimated. Fig. 5 shows the variation of the
optical output power according to the groove depth and groove half-angle. It is understood that increasing groove depth causes a
decrease; groove angle has the opposite effect of groove depth on output power. It can be seen from Fig. 5(b) that the structure with low
groove depths (e.g., 50 pm, 100 um) does not significantly change the output power regardless of the groove angle.

Fig. 6 shows the effect of groove parameters on normalized output power in a POF structure with multiple identical grooves. The
output power decreases sharply depending on the increasing groove depth of the structure consisting of 20 grooves. It is seen that the
normalized optical output power is at the level of 3 dB depending on § after a depth of about 150 pm. At small § and higher h, the
output power remains below 10% of the input (Fig. 6(b)).

Calculations performed at selected h and & values to understand the change in output power according to the changing groove
number are shown in Fig. 7. The effect of the groove number on the output power can be linear or a rapidly decreasing exponential
curve in Fig. 7(a). While it exhibits a linear variation at low groove depths (e.g., 50 um, 100 um), it shows rapidly decreasing expo-
nential behavior at significant depths (e.g., 400 ym, 350 pm, and 300 um). In Fig. 7(b), when the h value is selected as 200 uym, the
effect of the groove number on the output power at different 5 can be seen. In grooves with § = 30°, there is a 3 dB attenuation at the
output after 5 grooves. In addition, when § = 70°, the attenuation in output power becomes 3 dB after about 14 grooves.

After all these calculations, h= 200 um and § = 45° values were chosen for experimental measurements. Fig. 8 plotted for three
different POF diameters with the help of the derived model. The decreasing trend of optical power at the output according to the
diameter varies for each diameter. The output power reaches a 3 dB limit after 6 grooves, 17 grooves for 1 mm, 2 mm diameters,
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Fig. 7. Variation of the power ratio, P,,/P; with the groove number (a) for various groove depths (5 = 45°, (b) various groove half-
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Fig. 10. Calculation of the cutting depth.

Table 1

POF probe parameters.
a (um) h (um) 1 (um) (9 N
490 200 297 45 5, 10, 15, 20, 25
980 200 311 45 5, 10, 15, 20, 25
1472 200 322 45 5,10, 15, 20, 25

respectively. The optical power decreases exponentially since 1 mm POF has the maximum perturbation.

Moreover, it is seen that the optical power loss does not reach the 3 dB limit for a 3 mm POF due to the groove depth effect. Keeping
the groove depths constant while the diameter changes, the effect of the groove number on the output can change linearly or expo-
nentially. The linear behavior at low groove depths agrees with the literature and is preferred in various applications such as liquid
level and refractive index detection [39,41,44]. Furthermore, its ability to calculate the output power according to the groove number,
half-angle, and depth allows researchers to optimize detection sensitivity and accuracy. In this respect, the developed model will be
able to fulfill a gap in the literature.

3. Fabrication and experimental results
3.1. Fabrication process and experimental setup

Three different diameters of bare polymer fibers were used in the experimental study. The fiber cores are made of polymethyl
methacrylate (PMMA), while the claddings are made of fluorinated polymer material. The part numbers of bare polymer fibers, which
have features such as non-critical alignment of both light sources and fibers, good mechanical properties, low attenuation at the visible
range of the lighting spectrum, are OMPF1000, OMPF2000, and OMPF3000. The OMPF1000, OMPF2000, and OMPF3000 have core/
cladding diameters of 980,/1000 pum, 1960/2000 um, and 2944,/3000 um, respectively. These fibers, which have a numerical aperture
of 0.5 and a core refractive index of 1.49, have a temperature range of — 55°C to + 70°C.

First of all, each fiber of three different diameters was cut vertically with a 25 cm long fiber optic side cutter (1PK-258A). The two
ends of the fibers are polished by sanding with a polishing kit (Broadcom HFBR-4593Z) to minimize coupling losses. Then, to make a
45° cut on the POF, a total of 15 V-grooved fibers were created by adjusting the distance between the groove centers by 1 mm with the
help of a special cutting block (FF-LCP-45DEG) (Fig. 9(a)). Thus, the length of the grooved section varies between 5 mm and 25 mm.
POFs with diameters of 1 mm and 2 mm were easily cut with this tool, but the tool channel was extended to 3 mm for a 3 mm POF. It is
a handy tool that lets cut an accurate 45° on POF fiber.

The depth h was desired to keep equal for all three fibers. Since the fiber claddings are of different thicknesses, the cutting depth, [ of
the blade must be different. Fig. 10 explains this situation. The calculation of the [ values given in Table 1 was determined as by, =
V2 x (200pm +10pm) 22 297pm, lyy = V2 x (200pm +20pm) 2 311pm, Ly, = V2 x (200pm +28um) = 322um. Desired depth
values were set manually by pushing the cutter blade towards the fiber and measuring the outside part of the blade with the help of a
digital micrometer.

The grooves on the fiber surface and the light leaking from the grooves are seen in Fig. 11 (a). As seen in Fig. 11 (b), experiments
were carried out using a laser source with a wavelength of 650 nm and an optical power meter. The optical power at the output was
read from a reference probe without a groove and recorded as the normalization reference for three different diameter fibers. Three
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Fig. 11. (a) V-grooved POF structure, (b) experimental setup.
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Fig. 12. Demonstration of V-grooved POF probe samples.

different fiber probes were prepared to minimize groove fabrication and measurement errors for each diameter. The data were ob-
tained by taking the average of the measured optical power for each of them.

3.2. Experimental Results

According to the experimental procedure described in Section 3.1, the output value from the reference probe was recorded. The
optical power was measured after groove numbers 5, 10, 15, 20, and 25 from the grooved on the 1 mm POF. This process was repeated
on 3 POF probes of the same diameter, and the results were averaged. Similar procedures were repeated for the 2 mm and 3 mm POF
probes. As seen in Fig. 12, some of the light reaching the groove is emitted from the groove surfaces, while some are refracted due to the
light rays perpendicular to the surface opposite the grooves. Since the light losses here cannot be measured directly, the loss amounts
can be calculated by measuring the optical power at the output.

As seen in Fig. 13, analytical and experimental results obtained from POF probes of 3 different diameters are given comparatively.
Fig. 13 (a) shows a decrease in the normalized optical power due to the increasing groove numbers on the 1 mm diameter POF. The
solid black line represents the analytical results, and the red dots represent the mean of three experimental data measured from 6
points (N = 0, 5, 10, 15, 20, and 25). Similarly, Fig. 13 (b) and (c) are for the other two POF types with the core radius of 980 ym and

10
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Fig. 13. Comparison of the analytical model and experimental results for (a) 1 mm, (b) 2 mm, and (c) 3 mm POFs.

1472 um, respectively. The normalized optical power at the output is higher than the POF probe with a core radius of 490 pym. This
phenomenon can be interpreted as the «a value given by Eq. (15) increases with increasing h/a ratio and thus decreases the output
power.

The average percent error value for the 1 mm diameter V-grooved POF structure with a ratio of h/a= 0.41 reached a high value of
19.92%. However, while this value is 9.83% in the 2 mm structure, it is 4.71% for the 3 mm structure. The h/a ratio is 0.20 and 0.14 for
2 mm and 3 mm POFs. From this point of view, the output power can be estimated with less than 5% error for V-grooved POF
structures with an approximate h/a= 0.15 ratio. As the h/a ratio decreases, the rate of production errors gradually decreases.

Fig. 14 shows the variation of normalized output power according to the groove depth. In the experimental study, the output power
is first measured and recorded from a 25 cm long POF sample with a= 980 pym value. Then, the h is increased from 50 pm (1299 pm) to
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Fig. 14. Comparison of the analytical model and experimental results for the variation of power ratio with groove depth.

600 pm (12877 um) with 50 um step intervals. Output power is measured after each cut. 5% error bars are seen in Fig. 14. The average
percent error of all measurements is about 5.3%. In cases where the depth of the groove is more significant than 250 um, it is seen that
the measurement error goes beyond the 5% range. It is seen that the error rate increases as the h/a ratio increases in parallel with the
experimental test results according to the groove numbers.

Among the reasons why the experimental results are generally below the analytical results, the most significant factor is the errors
in the production of the grooves. In addition, the effect of temperature and the stability of the light source are other factors that affect
the measurements. However, these effects could be eliminated by normalizing the results obtained with the grooveless probes used
during the experiments. In this study, the obtained results were normalized, so only fabrication irregularities remain among the errors
that cause measurement errors. The model’s accuracy has been demonstrated as a fundamental principle. These errors can be mini-
mized as much as possible with advanced manufacturing techniques by micro-electro-mechanical systems/nano-electro-mechanical
systems.

4. Conclusion

Standard POFs have a high numerical aperture allowing millions of propagated rays. Radiation losses in these fibers are usually
calculated using a geometric optics approach. However, the exact solution of complex equations in these geometric approaches is not
always possible. Similarly, in this study, a valuable and straightforward analytical model is derived by solving incompletely solved
equations for straight V-grooved POFs. Thanks to this derived model, the groove induced power loss and the output power can be
calculated according to all groove parameters. By changing the groove parameters, the optical power at the output was calculated for a
1 mm POF, and the V-grooved structures were optimized. It was observed that the optical power at the exit decreased with increasing
groove depth. It increased with increasing groove angle. According to the number of grooves, the optical power variation at the output
was examined when the grooves were identical. It was observed that optical power loss curves of V-groove structures could be linear or
exponential when 6 = 45° and h= 200 um were selected. Optimized V-grooved structures were produced experimentally, and the
results were compared by measuring the optical power at the output for grooves at specific intervals such as 5, 10, 15, 20, and 25. It
was shown that the obtained experimental results converged to the analytically calculated curves and the model was correct. Re-
searchers can calculate the optical power at the output for different sensor designs using this model.
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