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This paper has completed the theoretical modeling of the cured surface reflection RIM-FOS under the typical
optical fiber bundle structure. Firstly, the modeling of the fiber’s axial symmetry distribution structure is made
by analytical method to get the intensity modulation function M. Then the modeling of the fiber's coaxial
distribution structure is made by analytical method to get its intensity modulation function M. Finally, the
simulation experiment about the mathematical model of the two typical optical fiber beam structure is
conducted to get the corresponding P- M curve when the variables d, r, : change. The simulation results show
that the relationships between the variable d, r, : and the received light intensity under different fiber bundle
structures indicate that the calculation results of the mathematical model are in conformity with the actual
situation. Finally, it is concluded that detection range is similar to the detection sensitivity under the two typical
optical fiber bundle structures, which provides a good theoretical basis for practical design of RIM-FOS.

1. Introduction

Today, Reflective intensity modulated fiber optic sensors RIM-FOS has occupied a very important position in
the field of fiber optic sensing. Whereas, the RIM-FOS is one of the products that are most widely used and
easiest to implement, to be the research priority of many scholars(Erik et.al, 2012; Faria, 1998; Garcia et.al,
2010; Nevshupa et.al, 2013; Zawawi et.al, 2013). It's believed that by the further research and development of
the RIM-FOS, this kind of sensor technology will have a broader prospect of application.

Therefore, it is very necessary to analyze intensity modulation mechanism of RIM-FOS. Such mechanism has
already been studied by some of scholars, for example, Jianli zheng derived the theoretical model of optical
fiber displacement sensor, and presented the normalized characteristic curves for the test and theory(Zheng
and Albin, 1999). Jose Branda Faria established the model for double-circled fiber bundle by means of
geometric method and Gaussian method, while analyzed the characteristic curve of “normalized distance--
normalized optical power” (Brandao, 2000). Puangmali constructed the mathematical models for front end
curving of light, as well as the case that the same optical fiber is used for transmitting and receiving optical
fibers(Puangmali and Pinyo, 2010) (Puangmali and Pinyo, 2011).

The literatures on above intensity modulation mechanism of RIM-FOS were conducted under the premise that
the surface was not deformed, yet the studies on bending deformation are relatively less, Because it is difficult
to establish its mathematical model under this kind of circumstance, and the traditional geometric modeling
method is hard to achieve. RIM-FOS which is based on the curved surface reflection is relatively common in
the practical application, so systematically theoretical research is needed on this situation. For this reason, this
paper plans to research the intensity modulation model of RIM-FOS which is based on the curved surface
reflection by analytic method under the typical distribution structures such as fiber’s axial symmetry distribution
and fiber's coaxial distribution, and so on, to provide certain theoretical basis for the development of this
sensor type.
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2. Working principle

As shown in Figure 1, it is a schematic structure of reflective intensity modulated sensor distributed in fiber-
optic axisymmetric way. When the sensor operates, the light after coupling passes into TF and irradiates onto
the elastic sheet, and part of reflected light of elastic sheet enters to RF. Under the external pressure P, the
elastic sheet at the same time presents the axial and radial deformation, while the deformation occurs in the
axial direction would shorten the distance d between the elastic sheet and RF, then the light intensity received
by RF changes. In such a way that the output light intensity of RF will change with the distance d between the
elastic sheet and fiber, and thereby reflecting the deformation of the elastic sheet based on the change
amount of the received light intensity, and changes AP of external pressure can finally be derived.

Fixed channel

Deformation

External pressure P

Diaphraogm
Figure 1: Sensor structure diagram

3. Analytical Method Modeling

3.1 Optical Fibers with Axially Symmetric Distributions

The exact math model can be got by the three-dimensional analytical method modeling under this
circumstance. In many industrial applications, there are no too many requirements for the calculation accuracy
of the model, so the calculation can be simplified. Without loss of generality, this paper will simplify the math
modeling of the axially symmetric distributions of TF and RF, and its computational principle diagram is as
shown in the figure 2. TF is the incident optical fiber in the figure, RF is the receiving optical fiber, g, icp are
the boundary emergent lights, andsg, wor are the lights after the curved surface reflection. Figure 3 displays
the position relations between the end surface EF of the reflected light cone and the receiving optical fiber,
which is divided into three cases shown in the figure and only the receiving optical fiber can output light signal
when they are compatible or intersecting. During the modeling, assumptions are as follows.

@ The emergent light field intensity of the incident optical fiber TF is uniform distribution;

@ Under the uniform pressure P, when the radius Rg of the elastic diaphragm is much longer than the radius
of the optical fiber, the deflection equation is regarded approximately in line with the simplified formula as
follows after the deformation of the elastic diaphragm:

oy = ARE - 2x2) ()

In which, A is the deformation coefficient of the elastic diaphragm, w(x) is the deflection that has a distance of
x from the center of the diaphragm, D=(Et*)/(12(1- /7)), E is the modulus of elasticity of the elastic diaphragm,
tis the thickness of the elastic diaphragm, and yis the Poisson's coefficient.

RF Y TF
Byt
—_— — X

Figure 2: Symmetrical distribution of fiber
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Figure 3. The position of the reflected light cone and RF

By analytic calculation, the light intensity modulation function M that is as shown in formula (2) can be got:

0 [xe| <l (xe <0)
%Rz+Rzarcsin%"prXE)+[X,\,I —(R+xg )R =[xy —(R+xg )P
Aoty 7 Xy +(r+1)
M = JrErz—rzarcsin""7—[XM+r+IMr2—[xM+r+l]2 (2)
r /o
I <[xg|<2r+1 (xg <0)

2
4'”0”1"42 [Xe|22r+1 (xg <0)

In the formula, r is the radius of the optical fiber, 2:is the distance between the two optical fibers, NA is the
numerical aperture of the optical fiber, Rg is the radius of the diaphragm, and d is the initial distance between
the optical fiber and the diaphragm. The value of xg, xu, R respectively is:

Xe :(k5m+d —r%s (3)
2 2
X'V':XN:(XE+2RXE_2rI_I)/2(R+xE+r+I) 4)

R:XF_XE:(k6h+d—%_(k5m+d—% 5)

The gradient of the reflection ray e and pr respectively are ks and ke.

3.2 Coaxial distribution of optical fiber

In the optical fiber's probe designing, people often adopt the distribution structure that output optical fibers are
coaxial with the reflective surface. This kind of distribution structure is compact and regular. Now by using the
theory of analytic method, the intensity modulation model of this typical distribution structure is analyzed. As is
shown in figure 4 below, it is the brief structure diagram of the output optical fibers and the coaxial reflective
surface. In the figure, ac and ip are the boundary emergent lights. «ce and ¢ are the lights after the curved
surface reflection. The position relations between the end surface EF of the reflected light cone and the
receiving optical fiber are as shown in figure 5 below.

y

Figure 4: Coaxial distribution of fiber
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Figure 5. The position of the reflected light cone and RF

Also by analytic calculation, the light intensity modulation function M under this case that is as shown in
formula (6) below can be got:

0 (x <l-r)
{rzarcsin[x%lj%xz—Iwrz—(xz—l)2 +%(r2+xf)—xfarcsin§—2—x2w/xf—x4
1
M =9 pom " (6)
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r2
Hoky XZ

1
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In the formula, r is the radium of the two optical fibers, : is the distance AB between the end surfaces of the
two optical fibers, NA is the numerical aperture of the optical fiber, d is the initial distance between the optical

2 2 2
fiber and the diaphragm, Rg is the radium of the diaphragm, and xi, xo respectively is x, :%,
X = d-n +m, in which ks, m, n respectively is

3
kkZ + 2k, —k )
kg=—2 "2 1 k, =—Cctg8,0 = arcsin NA k, =—4Am 7
5 Dkgk, —kZ +1 (o =-ct9 2 ) ¢
2 2
mzctgﬁ—\/ctg 0-8A(rctg0+d — ARZ) ®)
4A
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4. Calculation Results and Analysis

According to the mathematical model above, by calculating them respectively, the influences on the sensors
from the structural parameters of optical fiber bundle such as the initial distance d between the optical fiber
and the diaphragm, the radium r of the two optical fibers, the distance : between the two optical fibers are
found, and the light intensity modulation function curve when variables change is drawn.

As is shown in figure 6 and figure 7, when variable d respectively is 150um, 200um, 250um, 300xm (z is 20um,
ris 50um, NAis 0.5, Ais 0.04><10'7, R1is 5mm), the curve P—M can be got. In figure 8 and figure 9, when
variable r respectively is 45.m, 50zm, 55.m, 60um (¢ is 20um, d is 250um, NA is 0.5, A is 0.04x107, Ry is
5mm), the curve P—M can be got. In figure 10 and figure 11, when variable : is 15um (130um), 18um
(136um), 21m (142um), 24m (148,m)(r is 50um, d is 250um, NA is 0.5, A is 0.04x10”, Ry is 5mm), the
curve P—M can be got.



701

—-—--d1=150pm
009 ——— d2=200pm
—-—--d3=250pm
¢4=300pm

50 1000 1500 200 30 300 B0 0 500 1000 1500 2000 2500

P(P3)

Figure 6. The P—M Fig of d Changes in (2) Figure 7. The P—M Fig of d Changes in (6)
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Figure 10. The P—M Fig of : Changes in (2) Figure 11. The P—M Fig of : Changes in (6)

It is not difficult to see that the initial output light intensity ratio is greater when the value of d is small, and the
elastic diaphragm is near the optical fiber. Meanwhile, when the value of d is certain, with the increase of
pressure P, the distance between the elastic diaphragm and the optical fiber becomes smaller gradually,
which makes the output light intensity first increase and then decrease. With the change of the fiber core
radium, the change of the fore slope curve width is not obvious, but with the increase of the fiber core radium,
the peak value of the curve is increasing slightly. With the change of the distance ;, the change of the fore
slope curve width is not much, and has little influence on the detection range of the pressure P. With the
increase of the distance 4, the peak value of the curve will decrease. The analysis result above is consistent
with the actual situation.

By comparing formula (2) with formula (6), it is not difficult to find that the two kinds of curves have similar
variation trends-both of them increase firstly and then decrease. When the structural parameters of the two
typical optical fiber bundle are the same, the variation range of the corresponding pressure P is nearly the
same. This means that detection range of the pressure is nearly the same about the two optical fiber structure,
but the peak value of the curve is different, and the peak value in formula (2) is about 18 % bigger than that in
formula (6).

According to the analysis results of the two typical fiber distribution structures above, it can be found that the
pressure detection range and the detection sensitivity of the two kinds of sensor have little differences.
Considering that the coaxial distribution structure of the incident optical fiber and the reflector is easy to
achieve, and is conducive to the latter theoretical analysis and calculation, the coaxial designing forms that the
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incident fibers and many receiving fibers are getting together into bundles are recommended in the actual
production of the sensor. In the practical application of RIM—FOS, people mostly adopt this kind of fiber
bundle as light transmission channel.

5. Conclusion

This paper has done the theoretical research of the cured surface reflection RIM-FOS under the typical optical
fiber beam structure, and has researched the intensity modulation model of the typical fiber bundle structures
such as fiber's axial symmetry distribution and fiber's coaxial distribution, and so on. Under the fiber’s axial
symmetry distribution structure, the intensity modulation model of the cured surface reflection RIM-FOS can
be simplified as formula (2) in the article. Under the fiber's coaxial distribution structure, the intensity
modulation model of the cured surface reflection RIM-FOS can be simplified as formula (6) in the article. Then
the corresponding curves P—M of the two kinds of distribution structures can be got when the structural
parameters such as d, r,:, etc change by using computer soft wares. Through the calculated results, it's found
that the pressure detection range are nearly the same under the two kinds of fiber bundles structures when
the structural parameters are designed the same, and the peak value of the curves are different slightly. This
means that the pressure detection range and the detection sensitivity of the two typical fiber bundle structures
are similar. In order to design and calculate conveniently, in the practical designing of RIM—FOS, it should
adopt the coaxial designing forms that the incident fibers and many receiving fibers are getting together into
bundles.
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