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Abstract: Cylindrical structure analysis is important in several areas and can be performed through
the evaluation of the diameter changes of these structures. Two important areas can be mentioned:
pipelines for oil or gas distribution and the condition and growth of trees. In the tree diameter
changes, monitoring is directly related to irrigation, since it depends on the water soil deficit and
trees are important in the global circulation of heat and water. This diameter can change in the
order of 5 mm for some species. In this paper, a strain gauge sensor based on a core diameter
mismatch technique for diameter measurement is proposed and investigated. The sensor structure
is formed by splicing an uncoated short section of MMF (Multimode Fiber) between two standard
SMFs (Singlemode Fiber) called SMF–MMF–SMF (SMS); the MMF length is 15 mm. Two cylindrical
structures were placed on a 3D printer, with different diameter sizes (DS: 80 mm and 110 mm), to
assist in monitoring the diameter changes. The SMS sensor was placed on the printed structure and
fixed at two points, such that, by reducing the diameter of the structure, the sensor presents dips
or peaks shift of the transmittance spectrum due to the induced curvature and strain. Three values
were used for the spacing between the fixation points (FP): (a) 5 mm, (b) 10 mm, and (c) 15 mm. For
each choice of fixation points, DS = 80 mm: (a) a sensitivity of −0.876 nm/mm, R2 of 0.9909 and
a dynamic range of 5 mm; (b) a sensitivity of −0.3892 nm/mm, R2 of 0.9954 and a dynamic range
of 4 mm; and (c) a sensitivity of −0.768 nm/mm, R2 of 0.9811 and a dynamic range of 2 mm. For
DS = 110 mm, the sensor presents for each choice of fixation points: (a) a sensitivity of −0.22 nm/mm,
R2 of 0.9979 and a dynamic range of 8 mm; (b) a sensitivity of −0.2284 nm/mm, R2 of 0.9888 and a
dynamic range of 6 mm; and (c) a sensitivity of −0.691 nm/mm, R2 of 0.9892 and a dynamic range of
3.5 mm.

Keywords: SMS; optical strain gauge; optical sensor; diameter monitoring

1. Introduction

Radial growth control is observed in several applications. In many areas, this monitor-
ing plays an important role. In the oil or gas transportation infrastructure, the pressure in
the pipeline is high, causing deformation and fatigue and, consequently, a disruption [1].
Pipelines deform when the deformation exceeds the established limit, which may be caused
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by the environment when natural disasters, such as landslides and earthquakes, occur or
theft of material transported in pipelines happens. The corrosion process is also one of
the main factors contributing to accidents in pipelines. In both cases, they can produce
significant environmental damage, product loss, financial problems, and sometimes the
loss of life from explosions [2,3]. In another example, the monitoring of the tree diameter
change is directly related to irrigation because it depends on the soil water deficit. Trees are
essential in the global circulation of heat and water. In addition, tree growth is affected by
the CO2 rate and air pollutants [4–8]. The use of optical sensors for these cases is interesting
because they present characteristics, such as: immunity to electromagnetic interference,
compact size, resistance to pressure, heat, and corrosion, and the possibility of transmission
over long distances.

Multimodal Interference (MMI) devices based on fiber optics have been extensively in-
vestigated in recent years for different applications as sensors to detect physical parameters,
such as temperature [9], strain [10], vibration [11], and flow rate [12]. Optical fiber sensors
(OFS) offer many advantages: They are not susceptible to electromagnetic interference, have
low attenuation, are lightweight, can survive harsh environments, and tolerate high tem-
peratures. There are several types of MMI structures, including: Sagnac Interferometer [13],
Fabry-Perot Interferometer [14], and Singlemode–Multimode–Singlemode (SMS)[15]. The
most common MMI structure is SMS [15,16]. This structure is formed of a short segment of
multimode fiber (MMF) between two single-mode fibers (SMFs). SMS sensor is based on
the core diameter mismatch (CDM) technique. The mechanism consists of a mode-coupling
to transfer optical power between the core mode and higher-order modes of the cladding
through mismatched sections. In addition, SMS presents the advantages of optical fiber
over conventional measurement techniques, the low cost of production, flexible design,
ease of fabrication, compact size, and high sensitivity[17–19].

In this work, we investigate a method for diameter monitoring using a traditional
SMS structure. We use an experimental setup that uses the principle of the strain gauge
based on SMS for diameter monitoring. We develop a structure in a 3D printer so that it
was possible to perform the analysis of the diameter variation of different structures. The
SMS sensor is put on the strain gauge and fixed on it in three points where the distance of
fixation points is 5, 10, and 15 mm.

2. Experimental Setup

A traditional SMS structure consists of a short MMF section spliced between two
SMFs, as depicted in Figure 1. The light is injected from the input SMF into the MMF,
where higher order and fundamental modes are excited, and interference between the
different modes occurs while the light beam propagates along the MMF section [11,12].
Due to higher modes excitation, the optical power coupled to the output SMF depends on
the amplitudes and phases of the MMF modes, and this dictates the transmission spectral
response at the output SMF. The MMF couples part of the light that travels along the core
of the input SMF to the cladding of the output SMF, and this coupling induces a loss of
power in the transmitted signal that travels along the core [20–22].

Figure 1. Schematic of the MMI sensor based on the Core Diameter Mismatch technique.

In this work an experimental setup was proposed, as shown in Figure 2. The transmis-
sion spectrum of the SMS sensor was monitored with an Optical Spectrum Analyzer (An-
ritsu, MS9740A). The sensors assembled in this work are fabricated with the core/cladding
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diameters of the SMF 8.2/125 µm (Corning SMF-28, Inc., Corning, NY, USA) and for the
step-index MMF section, the core/cladding diameters are 105/125 µm (FG105-LCA from
Thorlabs, Inc., Newton, NJ, USA). It is important to emphasize that for the lengths of the
MMF section used in this work, it is now possible to observe the self imaging phenomenon
because the length of the MMF is much shorter than the length needed to observe this
phenomenon. According to Soldano, the self imaging phenomenon can be described as
property of multimode waveguides where an input field profile is produced in single or
multiple images at periodic intervals along the propagation direction of the guide [23].

SMF
SMF

Fixed points

d0

Sensor

Figure 2. Schematic of the experimental setup for the diameter analysis that demonstrates the
diameter reduction using a linear translation stage.

The MMFs lengths were 15 mm. Two cylindrical structures were developed on a 3D
printer, with different diameter sizes (d0), 80 mm and 110 mm, to assist in monitoring
the diameter changes (∆d). The sensing head was fixed at two points on the pieces, with
different distances between the fixed points. Three values were used for the spacing
between the fixed points (FP), 5 mm, 10 mm, and 15 mm. The linear translation stage was
used to apply tension by moving the linear stage away from the fixed support. Thus, it
is possible to introduce a strain in the sensor. The sensors present dips or peaks shift of
transmittance spectrum due to the induced curvature and strain, as depicted in Figure 3.

Figure 3. (a) Cylindrical structure developed on a 3D printer. (b) Mechanism of operation of the
structure that demonstrates the diameter reduction.

3. Results and Discussion

The strain gauge with the SMS sensor was inserted in the linear stage transition that
is controlled by a computer. A structure was created for monitoring the diameter using
a 3D printer, as depicted in Figure 3a. This structure was created to simulate a diameter
change in structures, such as pipelines and tree trunks, which need to have their diameter
monitored. A strain and curvature are applied on the optical fiber by reducing the diameter
of the structure (d0) and, therefore, it was possible to obtain the sensor response. This
principle is observed in Figure 3b. The diameters of the structures are 80 and 110 mm (d0).
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3.1. Structure Diameter with 80 mm

Firstly, the SMS sensor was placed on the cylindrical structure and it was fixed at
5 mm of the total length of the MMF section. Figure 4 shows the recorded spectrum of
this experiment, and Figure 5 shows the second-order polynomial fitting result of the
corresponding wavelength shift as a function of displacement. Figure 4a shows the dip
shift of the transmittance spectrum due to the induced curvature strain in FP = 5 mm.
It was possible to obtain a sensitivity of −0.876 nm/mm, coefficient of determination
(R2) of 0.9909, and the dynamic range (∆d) of 5 mm, as depicted in Figure 5a. After
that, the FP was increased to 10 mm. Figure 4b shows the dip shift of the transmittance
spectrum due to the induced curvature strain in FP = 10 mm. The R2 showed a small
increase, to 0.9954 as shown in Figure 5b. The sensitivity obtained for this configuration
was −0.3892 nm/mm and the dynamic range of 4 mm. Figure 4c shows the dip shift of
the transmittance spectrum due to the induced curvature strain in FP = 15 mm. When
the FP = LMMF = 15 mm, it was possible to observe an increase in the sensitivity, of
−0.768 nm/mm, when comparing with the result for FP = 10 mm. R2 and dynamic range
showed a reduction, respectively, to 0.9811 and 2 mm, as depicted Figure 5c.

(a) (b) (c)

Figure 4. Wavelength shift as a function of displacement. (a) The sensor as FP = 5 mm and
DS = 80 mm. (b) The sensor as FP = 10 mm and DS = 80 mm. (c) The sensor as FP = 15 mm and
DS = 80 mm.

(a) (b) (c)

Figure 5. Transmission spectrum of the sensor. (a) The sensor as FP = 5 mm and DS = 80 mm.
(b) The sensor as FP = 10 mm and DS = 80 mm. (c) The sensor as FP = 15 mm and DS = 80 mm.

3.2. Structure Diameter with 110 mm

The second part of the experiment is similar to what was performed previously.
Figure 6 shows the recorded spectrum of this experiment and Figure 7 shows the second-
order polynomial fitting result of the corresponding wavelength shift as a function of
displacement. For the FP = 5 mm, Figure 6a shows the peak shift of the transmittance
spectrum due to the induced curvature strain, it was possible to obtain a sensitivity of
−0.22 nm/mm, R2 of 0.9979 and dynamic range of 8 mm, as depicted in Figure 7a. After
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that, the FP was increased to 10 mm. Figure 6b shows the peak shift of the transmittance
spectrum due to the induced curvature strain in FP = 10 mm. The R2 showed a decrease
to 0.9888, as shown in Figure 7b. The sensitivity obtained for this configuration was
−0.2284 nm/mm and the dynamic range of 4.5 mm. When FP = LMMF = 15 mm,
Figure 6c shows the peak shift of transmittance spectrum due to induced curvature and
strain. It was possible to observe an increase in the sensitivity of −0.691 nm/mm when
comparing with the result for FP = 10 mm. The R2 and dynamic range showed a reduction,
respectively, to 0.9892 and 3.5 nm, as depicted in Figure 7c.

(a) (b) (c)

Figure 6. Wavelength shift as a function of displacement. (a) The sensor as FP = 5 mm and
DS = 110 mm. (b) The sensor as FP = 10 mm and DS = 110 mm. (c) The sensor as FP = 15 mm and
DS = 110 mm.

(a) (b) (c)

Figure 7. Transmission spectrum of the sensor. (a) The sensor as FP = 5 mm and DS = 110 mm.
(b) The sensor as FP = 10 mm and DS = 110 mm. (c) The sensor as FP = 15 mm and DS = 110 mm.

4. Conclusions

In conclusion, we proposed an experimental investigation about the strain gauge based
on traditional MMI structure for diameter monitoring. We developed an experimental
setup for this investigation. The setup fabrication and the proposed sensor are simple
and repeatable. The results demonstrate that it is possible to monitor the diameter using
the strain gauge based on the SMS sensor proposed in this work. The results present
good sensitivities values, excellent coefficient of determination, and dynamics range with
several possibilities to practical application, such as in pipelines and tree trunk growth.
This study presents preliminary results and the next step will be to analyze other possible
configurations since, with the correct arrangement, it is possible to optimize the structure
and it is characteristics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ecsa-8-11324/s1.
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