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Abstract: In this work, we present a micro-opto-fluidic platform for the analytical testing of alcoholic
solutions (isopropyl alcohol, also known as isopropanol, and ethylene glycol) based on their absorp-
tion properties in the wavelength region 1.0–1.7 µm. The investigated fluidic channel is a rectangular
glass microcapillary externally coated with aluminum layers, to create a zig-zag guiding effect for
the radiation provided by a tungsten lamp. Light crosses the capillary multiple times before being
directed towards an optical spectrum analyzer; thanks to the enhanced optical path-length inside
the sample, the measurement sensitivity is strongly increased. Preliminary experimental results are
reported to show sensing performances.

Keywords: absorption spectroscopy; microfluidics; near infrared; optical sensing; rectangular micro-
capillary

1. Introduction

In the last few years, the development of microfluidic integrated platforms for an-
alytical detection of fluids has been rapidly increasing with more and more researchers
investigating low-cost solutions to develop smart miniaturized chips, able to perform fast
and precise measurements. Among all the applications of microfluidic chips, the detection
and sensing functions are widely used in many fields, from biochemical to environmental
pollution detection, and from pharmaceuticals to the food and beverage industry [1–11].
Microfluid sensor chips allow the performance of accurate measurements of small volumes
of fluids, and many parameters of the sample can be estimated, such as refractive index,
temperature, flow rate, etc. The combination of fluidic chips with an optical system is
an excellent approach to perform contactless and remote detection. Among all optical
techniques, near infrared (NIR) absorption spectroscopy is one of the most rapidly advanc-
ing analytical approaches. The detection of fluids is based on overtone and combination
bands associated with the vibrational transition of molecules; each substance presents
absorption peaks at specific wavelengths and the concentration dependence of absorbance
is in accordance with the Lambert–Beer law.

In a previous work [12], the detection and distinction of pure substances by exploiting
NIR absorption spectroscopy was successfully demonstrated: we obtained different spectral
absorption profiles for each tested solution in the wavelength region from 1 µm to 1.7 µm
and they were in agreement with the prediction provided by the developed theoretical
model. The microfluidic device was a rectangular glass microcapillary laid onto a bulk
aluminum (Al) mirror so that light crossed the channel twice before being collected and
analyzed by an optical spectrum analyzer (OSA).

As reported in the literature, it is important to differentiate isopropyl alcohol (also
known as isopropanol) from ethylene glycol, which is more dangerous when ingested.
Isopropyl alcohol does not cause renal failure as ethylene glycol does [13]. Toward this aim,
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in this work, we extended our previous investigations by analyzing mixtures of ethylene
glycol in isopropanol at different volume concentrations, exploiting a capillary provided
with integrated reflectors, deposited by sputtering on the external surface of top and
bottom glass layers; this low-cost technology allows for obtaining a more compact sensing
platform. Light crosses the channel multiple times before being directed towards the OSA,
thus increasing the total optical pathlength into the channel; the effect of absorption is
enhanced. Moreover, a responsivity parameter is presented, in view of the design on a
more compact, cost-effective and specific optical sensor based on amplitude detection.

2. Materials and Methods

The instrumental configuration for contactless, label-free and remote sensing of fluids
is shown in Figure 1. Figure 1a shows a picture of the capillary illuminated by red light
provided by a He–Ne laser, used in the preliminary alignment phase and for illustrative
purposes. Figure 1b shows the schematic representation of the measurement system for
optical detection (longitudinal view).
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Figure 1. (a) Picture of the measurement system (top view). (b) Schematic representation of the measurement system for
optical detection (longitudinal view).

The broadband radiation provided by a tungsten lamp is fiber-coupled and shone on
a rectangular glass microcapillary using a pigtailed lens at an angle of approximately 35◦.
The microcapillary investigated in this work, provided by Vitrocom (Mountain Lakes, NJ,
USA), has nominal thickness of the walls of 280 µm, whereas the channel is 400 µm deep.
It is particularly suitable for optical detection of fluids, since it is made of a biocompatible
material and allows the contactless remote analysis of ultra-low volumes of samples.
The extremities of the capillary are inserted in heat-shrink tubings provided with luer
connections; the sample fluid can be easily injected into the channel using a syringe and
ejected by flowing air into the capillary. The bottom layer of the capillary is coated along
its entire length, equal to 5 cm, with a 50 nm thick aluminum (Al) layer, while the top layer
presents a 5 mm long Al layer. These reflective layers act as mirrors, inducing zig-zag light
propagation through the structure. In this way, incident light crosses the fluid multiple
times (multiple bounce configuration). The output light is then collected by a lens, identical
to the input one, and it is finally directed toward the monochromator input of an optical
spectrum analyzer (OSA Agilent 86142B, Saratoga, CA, USA). A laptop is used for data
collection. Signal processing is performed in a MATLAB environment.

3. Results and Discussion
3.1. Spectral Analysis

Experimental measurements were carried out by filling the channel with mixtures of
ethylene glycol and isopropanol in different concentrations. Figure 2 shows the transmitted
power spectra collected by testing isopropanol (blue trace) and solutions of ethylene glycol
in isopropanol in volume concentrations equal to 10% (green trace), 30% (orange trace)
and 70% (pink trace). For increasing ethylene glycol concentration, the transmitted power
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between 1.4 µm and 1.6 µm decreases since ethylene glycol exhibits two absorption bands
around 1.46 µm and 1.57 µm [14].
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Figure 2. Experimental power spectra acquired by inserting isopropanol and isopropanol-ethylene
glycol mixtures in the capillary channel.

To exploit this method for the extraction of the ethylene glycol content in the solution,
the ratio between the transmitted power obtained for pure isopropanol (PISO), thus playing
the role of reference fluid of this experiment, and the transmitted power obtained by mixing
ethylene glycol in isopropanol (Pmix) was considered. Figure 3 shows the spectral results
PISO/Pmix for all tested solutions. The green, orange and pink traces are the ratios PISO/Pmix
obtained for solutions of ethylene glycol in isopropanol in volume concentrations of 10%,
30% and 70%, respectively.
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Figure 3. Spectral ratio between the transmitted power collected by flowing into the channel pure
isopropanol and isopropanol–ethylene glycol mixtures.

3.2. Responsivity and Sensitivity

In view of the design of a more compact and cost-effective optical sensor based on
amplitude detection that does not require the use of the OSA, the ratio between the power
transmissions at two different wavelengths was computed.

We defined the responsivity R1.46/1.35 as the logarithmic value (base 10) of the ratio
between the output power at 1.46 µm and 1.35 µm:

R1.46/1.35 = Log(Pout(1.46 µm)/Pout(1.35 µm)) (1)

The wavelength λ = 1.46 µm corresponds to an absorption band peak of ethylene
glycol, thus optical absorption of the solution is strongly dependent on ethylene glycol
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content. On the other hand, at λ = 1.35 µm both isopropanol and ethylene glycol are only
weakly absorbing. Ethylene glycol and isopropanol are miscible with many polar solvents
such as water, alcohols, glycol ethers and acetone, whereas they are slightly soluble in
non-polar solvents. In case of dopands in the examined solutions, if presented in significant
quantities, the absorption features, in particular the wavelengths corresponding to peaks
of absorption, must be known. In general, the law of additivity of absorbance is applied:
the total absorbance of a mixture is the sum of the absorbances of all the components of the
solution, each multiplied by the corresponding concentration in volume.

By calculating the responsivity R1.46/1.35 for all tested solutions as a function of the
ethylene glycol content C (%) and by linearly fitting the data, an experimental calibration
curve was retrieved (see Figure 4). The slope of the calibration curve determines the
sensitivity of the sensor.
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4. Conclusions

In conclusion, the functionality of a micro-opto-fluidic platform based on a rectangular
glass microcapillary to detect alcoholic solutions by exploiting NIR absorption spectroscopy
was demonstrated. The microfluidic configuration allows the investigation of mixtures of
fluids in a totally safe, non-invasive, contactless and remote manner. The deposition of Al
thin layers is a simple and low-cost technology that allows the fabrication of a smart device,
suitable for several biomedical and chemical applications. The sensing platform based on
amplitude detection is versatile and smart: it can be exploited to detect several solutions
and substances in a specific way, simply modifying the wavelengths for the calculation of
the responsivity parameter, on the basis of the absorption properties of the substance to
detect.
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