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Abstract: In this work, we report on the fabrication and testing of a fiber optics sensor based on
multimodal interference (MMI) that is capable of measuring sugar concentration in aqueous solutions.
The sensor has a simple structure, built by splicing a segment of multimode fiber (MMF) between two
single-mode fibers (SMS architecture). The sensor’s operating mechanism is based on the spectral shift
due to changes in the effective refractive index (RI) of the media surrounding the MMF. The optical
sensor was tested with fructose and sucrose, which were diluted in distilled water in a concentration
range from 0% to 18.5%. The proposed device exhibits a linear response with a sensitivity of around
0.17524 nm/% and 0.16321 nm/% for sucrose and fructose, respectively. In addition, this optical
sensor shows the advantage of simple construction, low cost, and linear response, it does not require
additional processes or coatings on the optical fiber.
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1. Introduction

Frequently, sugar is preceded by its dangerous reputation as an antagonist of a nour-
ishing, balanced diet. However, it cannot be removed from the human diet and the
consumption in moderate amounts of the right type of sugars, allows a healthy condition.
Sugar, along with other nutrients (proteins, fats, and vitamins), provides energy for dif-
ferent organs to perform correctly, such as the brain and muscles, whose functionality is
essential throughout life and for physiological functions [1,2]. International organizations
focused on health care suggest that sugars should make up less than 5% of total energy
intake per day [3]. Therefore, it is necessary to distinguish the amounts of sugars present
in food; not taking care of this aspect, together with aggravating factors such as lack of
exercise, genetic predisposition, or excessive intake, can lead to hyperglycaemia, diabetes,
and cardiovascular diseases, among others [2].

Given the circumstances and quality control in the manufacture of commercial foods,
it is necessary to have a tool that permits the detection of different concentrations of
sugars and, in this way, guarantees the value of the product. In this scenario, several
methods can be used for measuring sugar concentrations, such as Raman spectroscopy
coupled with neural networks [4], the monitoring of refractive index [5], fluorescence [6],
and radiofrequency techniques [7]. These procedures can provide detailed information;
however, they often require complex manufacturing procedures or additional peripherical
instrumentation. In contrast, fiber optic-based photonic sensors represent a valuable tool in
the field of metrology, resulting in innovative devices with applications in real problems
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and with notable advantages over conventional electronic sensors. Given the benefits
already demonstrated, the interest is to use this type of photonic component in the food
area with the aim of measuring sugar concentration levels for industrial applications.

2. Materials and Methods
2.1. SMS Sensor Device and Sample Preparation

A simple configuration of the multimodal interference (MMI) effect in optical fibers,
that can be used for sensing the refractive index of liquid samples, can be achieved with
conventional elements: a segment of no-core multimode fiber (NC-MMF) spliced between
two single-mode fiber segments (SMF). This geometry is commonly referred to as SMS
configuration, and it is illustrated in Figure 1 (dotted rectangle). When the SMS structure is
fed with a broadband spectrum, optical modes are excited in the segment of MMF, which
can interfere with one another as they propagate. Thus, the interference of these modes
along the NC-MMEF element leads to a periodic formation of self-images of the input field.
Therefore, the NC-MMF fiber must have a specific length to reconstruct the input field at
the exit of the NC-MMEF at a specific wavelength. Importantly, only a specific wavelength of
the initial spectrum satisfies the constructive interference condition at the end of the MMF;
in other words, the SMS architecture operates naturally as a bandpass filter centered at a
certain wavelength, Ag. This peak wavelength can be designed by appropriately cleaving
the NC-MMF with the right length, given by relation [8,9]:

L—p(%) ;p=0,1,23... 1

where L denotes the beat length given as:
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Here, nppr and Dyypr are the refractive index and diameter of the fundamental mode
of the NC-MMEF, respectively, and Ay is the free-space wavelength. If the SMS structure
is fully immersed in a liquid, the refractive index difference between the two media, i.e.,
silica and liquid, is lower when compared with the case where the fiber is surrounded by
air. Thus, due to the Goos—Hénchen effect, the lateral penetration of the evanescent field
into the liquid will be higher [9]. Consequently, both npr and Dypr increase, causing
the center wavelength of the bandpass filter, expressed in Equation (2), to shift. This is the
principle of operation of the proposed system.

The SMS was fabricated using SMF fiber (SMF-28, ®Thorlabs, Newton, NJ, USA),
with cladding and core diameters of 125 pm and 8 um, respectively, and NC-MMF
fiber (FG125LA, ®Thorlabs, Newton, NJ, USA), with a diameter Dypr = 125 um and
nymr = 1.4445. All segments were spliced using an arc fusion splicer, (®Fujikura, San Jose,
CA, USA, model FSM-60S). According to Equation (2), the length of the NC-MMF segment
is L = 5.73 cm for the peak wavelength to be centered at A\g = 1575 nm.

To test the sensor device, we prepared water—sugar mixtures using deionized water
(®Sigma Aldrich, San Louis, MO, USA, 99% pure) and commercial brands of sucrose
and fructose. The mixtures were prepared in a range from 0.5%v/v to 18.5%v/v, with
increments of 1.5%. The mixtures were based on volume fraction (%v/v) [10].

2.2. Experimental Array

The optical system to test the SMS structure as a sensor, is described in Figure 1. In this
scheme, a superluminescent laser diode (SLD, Model SLD15505-A1, @Thorlabs) provides a
broadband spectrum from 1420 nm to 1650 nm, which is launched into an FC/PC patch
cable. Later, the signal is propagated into the SMS device, collected by a second patch cable,
and measured with an optical spectrum analyzer (OSA, ® Anritsu, Morgan Hill, CA, USA,
model MS9740A).
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Figure 1. Experimental set-up used to measure sugar concentrations. In dotted rectangle, the SMS
device is shown which is fabricated by splicing an NC-MMF segment between two SMF sections.

3. Results and Discussion

The response of the fabricated sensor was tested with sucrose and fructose. Experi-
mental tests were initiated by fixing the sensor in a container and covering it completely
with each liquid sample (aqueous solutions of sucrose or fructose, with concentrations
ranging from 0.5% to 18.5%, in increments of 1.5%). For each sample, the spectrum of
the obtained signal was recorded in the OSA. Subsequently, the sensor was meticulously
cleaned using de-ionized water; when dried, the sensor was reattached, so that it was
placed in initial conditions. Figure 2a shows the spectral change in the sensor in response
to the sucrose concentration, while Figure 2b shows the displacement in response to the
fructose concentration.
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Figure 2. Spectral response of the MMI sensor for different concentrations of sugar dissolved in
distilled water: (a) Sucrose spectral displacement; (b) Fructose spectral displacement.

The spectral shift of the peak of the wavelength, AA, for each sugar is shown in Figure 3,
as a function of sugar concentration in the solution. This displacement is calculated as the
difference between the maximum peak wavelength when the SMS structure is immersed in
the mixture and its measured position in the air. The positive spectral change is proportional
to the concentration level of the sample. By increasing the amount of sucrose and fructose,
respectively, the displacement of the peak of the wavelength increases.
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Figure 3. Displacement of the wavelength peak for each concentration.

As is shown, the sensor exhibits a linear response with a sensitivity of 0.17524 nm/%
and 0.16321 nm/% for sucrose and fructose, respectively. To obtain the level of error,
three representative samples were selected from the original sample set: 6.5%, 12.5%, and
18.5%, and their response was measured in triplicate by following the same measurement
procedure described above. From the standard deviation, we obtained a variability of
0.13565 nm and 0.09043 nm for sucrose and fructose, respectively.

4. Conclusions

A MMI fiber optics sensor is presented that allows the detection of different concentra-
tions of sucrose and fructose in aqueous solution. Tests were conducted using commercial
brands of sucrose (refined sugar) and fructose powder, used in industrially-produced soft
drinks. This optical sensor has the advantage of simple construction, low cost, and linear
response; moreover, it does not require additional processes or coatings on the optical fiber,
and it has the capability to perform real-time measurements, which makes it suitable for
quality control applications.
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