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A noncontact optical fiber sensor for measuring the refractive index of transparent liquids is proposed. It operates by calculating the
path of a focused laser beam at 635 nm that travels across the boundaries of a liquid sample. The optical power Fresnel reflections
are detected and, subsequently, the refractive index is determined as the ratio between the traveled beam paths when the liquid is
deposited versus a reference without the liquid sample. Additionally, a mathematical analysis of the geometrical case is included.
The theoretical data from our sensor are in good agreement with the experimental results. The resolution achieved by the sensor is

better than 10> RIU.

1. Introduction

In recent years, sensor devices have been widely used for
physical and chemical quantities measurements in some man-
ufacturing processes and gadgets such as small size and high
sensitivity sensors [1]. These kinds of sensors have gained
great interest because of their wide demand for implemen-
tation in many industrial processes. Such processes require
the monitoring of certain properties in liquids; for example,
these kinds of sensors are used in fields of study such as the
chemicals, food industry, biotech, medical measurement, and
environment assessment or in research laboratories.

Some properties of these liquids, such as the refractive
index, have been considered as one of the most important
parameters used to be monitored. A well-known device typi-
cally used for this purpose is the traditional Abbe refractome-
ter [2] or in a similar way one can find setups that employ
the ray deviation through a glass-liquid interface to measure

the refractive index of transparent liquids [3-5]. Those works
offer accurate results, but under the point of view of simplicity
and compactness they result rather in being bulky. Notwith-
standing, recent advances in optoelectronics have motivated
the development of novel fiber-optic refractive index (RI)
sensors. Fiber-optic based sensors have, therefore, the same
advantages attributable to other sensors plus the advantages
owing to their waveguide, their electromagnetic immunity,
and their remote sensing capability, among others. Regarding
these novel devices, there are a couple of research groups
[6, 7] who demonstrated that, by using the Fresnel reflections
exhibited at the liquid-glass interface of fiber probes, it is
possible to obtain a ratio between a reference and a test signal
to calculate liquids refractive indices. More recently, another
setup also based on a Fresnel reflection added only an optical
switch to obtain the signal ratios resulting in an enhanced
accuracy for the measurement of RI [8]; additionally, in [9],
a time-delayed optical signal through a remote large fiber
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segment is employed to obtain the same signal ratio in the
measurement. A slightly different approach uses a tapered
optical fiber [10, 11] where the immersion of a fiber-tapered
section in the liquid sample produces changes in the evanes-
cent field which allow calculating the RI. Finally in [12], the
measurement process of the RI was based on the shift in the
interference pattern as a result of a fiber inline micronotch
cavity. The results of the above-cited works are important in
measurements where the immersion of the fiber probe into
the liquid sample is necessary; however it can be a potential
drawback when a noncontact measurement is required.

In this paper, a versatile noncontact optical fiber sensor
for measuring the refractive index of a transparent liquid is
proposed. This setup employs a laser diode at 635nm and
operates as a function of the launched light into the bound-
aries of a liquid sample. By means of the back-reflected
optical intensities in a photodetector, the RI is consequently
calculated as the ratio between the traveled beam paths when
liquid is deposited versus a reference without the liquid sam-
ple. The system proved to be compact, robust, repeatable,
and reliable, and unlike liquid-glass fiber-based sensors, our
system operates without the requirement of immersion of
the fiber probe into the liquid sample. Interestingly, since the
terminal sensor is not required in a degradation process, this
sensor guarantees a longer lifetime due to its low maintenance
requirements. Furthermore, a mathematical analysis of the
geometrical case for the refractive index principle is shown.
The theoretical data calculated from our sensor are in good
agreement with the experimental results. Refractive indices
of the tested liquids were measured at a wavelength of 635 nm
and with a resolution of 107 RIU.

2. Optical Fiber Refractometer

Figure 1 shows the experimental setup of the refractometer.
It consists of an optical fiber-based setup and a laser light.
Attached to a motorized z-axis mechanism, they make a scan-
ning sweep along its vertical z-axis to get the corresponding
retroreflected optical power for every step along the way.

A stabilized laser source at 635nm (Thorlabs LPS-635-
FC) with controlled temperature is fusion-spliced to port 1
of a 3dB optical fiber coupler (2 x 2 wideband fiber optical
coupler 630 nm Thorlabs TW630R5F2) as shown in Figure 1.
Coupled to fiber end (single mode fiber 600 to 860 nm
Thorlabs SM600) at port 4, a pair of lenses collimates and
focuses the laser beam; this arrangement serves as the fiber
probe for the sensor. The proposed positioning scheme for the
z-axis-scanner mechanism is based on a motorized actuator
[16] (Thorlabs Z812B) which is set to allow moving the fiber
probe backward and forward along all the way of the liquid
sample under test. Every position where the focused light
is set to reach the boundaries of two different planar media
corresponds to a Fresnel reflection which retroreflects the
optical power back to the fiber probe. For this reason a fiber-
pigtailed photodetector (Thorlabs FDSP660) is spliced to port
2 in order to measure the retroreflected optical power.

It is worth mentioning that the fiber in port 3 of the optical
coupler has an angle facet cleaved to prevent any feedback
of light which in turn could cause a significant error in our
measurement.

3. Mathematical Analysis for Refractive Index
Measurement

Let us now consider that the sample is illuminated by the fiber
probe’s output laser beam. Tracing the incident and refracted
rays at the interface of two different media with refractive
indexes n; and n, and the lengths h, and h, in Figure 2, it is
possible to write the following geometrical analysis.

Using Snell’s law,
ny sin 0, = n, sin0,. )

Considering the geometry of the angles, we can demon-

strate that
n,=n < ! >r 2)
2 =M " 2
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FIGURE 2: Geometrical analysis of refracted light.

Equation (2) can be also stated in terms of the incident
angle and the values of /1, and h, as follows:

cos 0
n2=n1<—h l)x/y2+h§. (3)

1

Given the fact that y has the same value for both angles,
we can express (3) in terms of the incident angle and therefore
get the resultant equation for the refractive index of the
sample, which can finally be stated as

- <C°; 5 ) 7 an?6,) + 2. ()

1

4. Measurement Process

The operation principle of the refractometer is based on the
optical path length traveled by a ray of light to reach a mirror
target through a sample and without it. For this purpose, it
is then necessary to know the thickness of the sample. In
general, this can be obtained given the fact that, in every pla-
nar interface between the two media, a high intensity Fresnel
reflection is exhibited each time such interfaces are reached
by the focal point.

Given the experimental setup and the analysis of the
mathematical model applicable to describe the refractometer
in Section 3, a method must be provided to find the values of
h, and h,. A better understanding of this can be achieved by
considering the details of the whole measurement process.

Regarding Figure 3, if we assume that the motorized
mechanism starts moving from the zero-reference position,
the laser focal point will sometime reach a reflective interface
(i.e., air-liquid, liquid-metallic mirror, or air-metallic mirror
interface). Subsequently, the retroreflected light enters back
into the fiber probe and it is then guided to the optical
fiber coupler where a photodetector will receive the reflected
optical power and convert it into a voltage signal. For each z-
axis position where the focal point reaches one high reflective
surface, the voltage signal exhibits a local maximum. Finally,
the voltage signal is computer-monitored and plotted for each
vertical position.

Once a scanning sweep is performed, it is possible to find
the desired h; and h, values. From Figures 2 and 3, it can be
confirmed that

hy=|L;-L,|, (5)

where L, is the distance from the reference position to the
sample surface and L, is the required displacement from the
reference to a position such that the focal point of the light
has completely penetrated the sample and reached the sample
holder’s reflective bottom.

Additionally, we can calculate h, as

hy=|L, - L,|, (6)

where L, is the distance of the sample holder’s bottom with
respect to the reference position.

Consequently the measurement process can be done in
terms of the values L, L,, and L;. In order to complete the
process, it is necessary to implement only two steps: (i) with-
out a sample in the sample holder, a scanning sweep must be
carried out to obtain L, and (ii) with a layer of sample added
in the sample holder, L, and L5 must be obtained.

5. Experimental Results

To determine the repeatability and accuracy in the experi-
ment, a series of measurements were performed. On the one
hand, by choosing randomly two different samples, standard
deviation was obtained out of 10 measured values. The results
showed an agreement better than 10~°. See Figure 4.

On the other hand, in order to verify the accuracy of
our device at different sample thickness, some measurements
were performed using glycerin. The obtained error remained
ina value <107°. See Figure 5. Moreover, the sensor exhibited
good performance even when thickness was reduced down to
~1 mm, which corresponds to 10% of the focal length of the
optical system.

Table 1 shows a comparison between the refractive index
values obtained for different substance samples measured
by our refractometer (patent pending) [17] with respect to
the values obtained using a commercial analog Abbe refrac-
tometer (model Atago 1T). An additional column shows the
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FIGURE 3: Obtaining process of the refractive index. (a) Measurement implemented with an empty sample holder shows a single reflective
surface. (b) Measurement with a liquid sample on the sample holder gives two reflective surfaces.
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TABLE 1: Comparison of results with reported values.

Reported in literature

Substance Proposed refractometer (25°C) Commercial Abbe refractometer (23.5°C) (2, 1315]

Distilled water 1.3346 1.3344 1.3327 (25°C)

Hydrogen peroxide (40% wt) 1.3579 1.3625 1.3598 (25°C)

Glycerin 1.4757 1.4685 1.4739 (20°C)

Isopropyl alcohol 1.3798 1.3819 1.378 (20°C)

5 1480 6. Conclusions

& 1.475 -

£ o1a70] tE——# " 5 The mathematical analysis and the obtained experimental
8 1465 4 results demonstrated that the deviation of the principal ray
3 1460 : : : , of the laser beam when it emerges from the sample holder by
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FIGURE 5: Measurements with different thicknesses of glycerin
samples showed an error < 107, Straight lines (horizontal) represent
the reported value of glycerin.

corresponding refractive index values of the same substances
reported in literature.

It is worth mentioning that each measured refractive
index exhibited small deviations with respect to reference val-
ues reported. The fact that reported values of refractive index
in literature are given for a sodium D-line (589 nm) must be
considered, while in our system a 635nm laser wavelength
was used. In fact, most measured substances show a decreas-
ing refractive index as the wavelength increases. On the other
hand, the optical power of the laser used for the measure-
ments was 0.4 mW, which means that we can discard any ther-
mal issue related to the incident light over the amount of ana-
lyzed substance. We registered all the measurements in a lab-
controlled temperature, performing the experiment in about
6 seconds. We addressed possible shake issues by attaching
the motorized z-axis-mechanism to an overweighed plate.

without it can be determined in terms of the scanning dis-
placements that set the focal point of the focused beam at the
boundaries of the liquid sample. As a result, we can determine
the refractive index of the liquid with simple measurements
without the requirement of physical contact. The measured
refractive index values of liquids such as distilled water,
hydrogen peroxide, glycerin, and isopropyl alcohol closely
agree with the reported values and the measured values using
a commercial refractometer. The optical system exhibited a
good accuracy for thicknesses as low as 1mm under the
chosen lenses for the fiber probe. Smaller thickness resulted
in an inaccurate calculation of RI.
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