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Pietro Mennea

Two roads diverged in a wood, and I–
I took the one less traveled by,

And that has made all the difference.
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Abstract

In the last years, a strong interest has been oriented towards micro-opto-fluidics,
nominally merging optic and microfluidic technologies, for sensing applications
in the field of biology, medicine and chemistry. The research activity that I have
carried out during my Ph.D. at the Laboratory of ElectroOptics of the University of
Pavia is inserted in this framework and aimed to develop smart sensing platforms
to analyze the optical properties of fluids for chemical and biological applications,
exploiting label free, remote, contactless and non-invasive techniques. The solu-
tions investigated are based on the use of well-established opto-electronic com-
ponents, traditionally developed in the visible and near infrared optical regions
for telecom applications. The first sensing platform I have designed and imple-
mented exploits optical interferometry in an innovative manner for high sensitiv-
ity measurements of the refractive index (real part) of liquids. Rectangular glass
micro-capillaries were considered as fluidic channels since they are low-cost com-
mercial devices, suitable for optical analysis of ultra-low volumes of fluids. More-
over, they can be modelled as optical resonators, and, if illuminated by a broad-
band radiation, the reflection spectrum is characterized by a sequence of minima
corresponding to the optical resonances. The wavelength position of the spectral
minima depends on the refractive index of the sample filling the channel. In this
sensing configuration, a micro-capillary was inserted at the end of the measure-
ment path of a a free-space Michelson interferometer working in the near infrared
region around 1550 nm. Optical resonances were recognized as steep phase varia-
tions of the interferometric signal, analyzed in the wavelength domain. Moreover,
refractive index changes were measured monitoring the spectral shift of the phase
variations. The interferometric measurements are surely very promising but they
are non-specific, since the same change of refractive index can be due to various
combinations of fluids. On the other hand, the absorption spectrum, which is re-
lated to the imaginary part of the refractive index according to the Beer-Lambert
law, is a unique “fingerprint” of every molecule. For this reason, I have worked
on the development of another innovative micro-opto-fluidic configuration for the
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measurement of the near infrared absorption spectrum of sub-microliter quanti-
ties of liquids, again flowing in rectangular glass micro-capillaries, in the range
1.0–1.7 μm. The micro-devices were externally coated with a full-length bottom
metallic layer and a shorter top one. The incident beam can be moved along the
capillary surface in order to make the light bounce once on the bottom metalliza-
tion or bouncemultiple times, exploiting the zig-zag guiding effect provided by the
top metallization. In this way, the interaction length between the radiation and the
sample (and thus the measurement sensitivity) can be tuned. The sensing platform
was used in particular to detect the presence of water in alcohols as polluting sub-
stance and, afterwards, for quality control of water content in alcoholic beverages
and in hand sanitizer gels and its compliance with the composition reported on the
labels. The third and last sensing platform was developed in collaboration with
the company Fluid-o-Tech in the framework of the DSF (Digital Smart Fluidics)
project that won the “Research and Innovation Hub” POR FESR 2014-2020 call
for tender of Regione Lombardia. Main goal of the project is the creation of a stan-
dardized fluidics platform to develop smart biomedical devices and equipment for
hospital and home infusion therapy. The expertise that I have acquired in the field
of optical sensors allowed me to take part in this project working on the develop-
ment of an opto-fluidic platform that is able to distinguish different types of fluids
for parenteral artificial nutrition on the basis of their refractive index, with the aim
of improving the quality of life of patients at home. The principle of operation is
based on the observation that if a light beam enters a rigid fluidic channel at a cer-
tain angle and a mirror is located behind it, then the radiation is reflected and exits
the channel in a different position with respect to the entrance point. In particu-
lar, if fluids with different refractive index flow in the fluidic device, the radiation
is deflected at different angles inside the liquid (according to Snell law) and the
light exit point shifts along the channel surface. This variation of position can be
easily detected by means of a position sensitive detector. After investigation and
characterization of different fluidic channels and optical components, industrial
prototypes of the opto-fluidic platform for integration in commercial pumps for
infusion were designed. They were successful exploited to simultaneously detect
mixtures for artificial nutrition and dangerous air bubble that could generate along
the fluidic path.



Abstract (Italian)

Negli ultimi anni, si è osservato un crescente interesse per la micro-opto-fluidica,
che combina tecnologie ottiche e microfluidiche, per applicazioni sensoristiche nel
campo della biologia, della medicina e della chimica. L’attività di ricerca che ho
svolto durante il mio dottorato presso il Laboratorio di ElettroOttica dell’Università
di Pavia si inserisce esattamente in questo contesto e si pone come obiettivo lo
sviluppo di piattaforme sensoristiche per l’analisi delle proprietà ottiche di flui-
di per applicazioni chimiche e biologiche, sfruttando tecniche label free, senza
contatto e non invasive. Le soluzioni investigate si basano sull’utilizzo di compo-
nentistica opto-elettronica consolidata e sviluppata per operare tradizionalmente
nelle regioni del visibile e del vicino infrarosso, nell’ambito delle comunicazioni
ottiche. La prima piattaforma sensoristica che ho progettato ed implementato uti-
lizza l’interferometria ottica in modo innovativo per misure ad elevata sensibilità
dell’indice di rifrazione (parte reale) di liquidi. Micro-capillari in vetro a sezione
rettangolare sono stati considerati come canali fluidici poiché sono dispositivi
commerciali a basso costo, adatti per analisi ottiche di volumi ultra-piccoli di flui-
di. Inoltre, possono essere modellizzati come risuonatori ottici e, se illuminati da
radiazione ottica a banda larga, lo spettro della luce riflessa è caratterizzato da una
sequenza di minimi che identificano le risonanze ottiche. La lunghezza d’onda
dei minimi dipende dall’indice di rifrazione del campione nel canale. In questa
piattaforma, un micro-capillare è stato inserito al termine del cammino di misura
di un interferometro di Michelson che opera intorno a 1550 nm. Le risonanze
ottiche sono state identificate come ripide variazioni di fase del segnale interfero-
metrico, analizzato nel dominio della lunghezza d’onda. Inoltre, variazioni di in-
dice di rifrazione sono state misurate monitorando la traslazione spettrale dei salti
di fase. Queste misure interferometriche sono certamente promettenti, ma tut-
tavia non specifiche, poiché la stessa variazione di indice può essere indotta da di-
verse combinazioni di fluidi. D’altro canto, lo spettro di assorbimento, legato alla
parte immaginaria dell’indice di rifrazione secondo la legge di Beer-Lambert, è
“l’impronta digitale” caratteristica di ogni molecola. Per questo motivo, ho poi la-
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vorato allo sviluppo di un’altra configurazione micro-opto-fluidica innovativa per
la misura dello spettro di assorbimento nel vicino infrarosso (da 1.0 a 1.7 μm) di
piccoli volumi di liquidi, sempre contenuti in micro-capillari rettangolari in vetro.
I micro-dispositivi sono stati esternamente rivestiti con un strato metallico per tutta
la lunghezza della parete inferiore e con una metallizzazione superiore più corta.
Il fascio incidente può essere traslato lungo la superficie del micro-capillare per
ottenere un singolo rimbalzo della luce sulla metallizzazione inferiore oppure più
rimbalzi, sfruttando l’effetto di guida offerto dalla metallizzazione superiore. In
questo modo, la lunghezza di interazione e quindi la sensibilità possono essere
accordate opportunamente. La piattaforma è stata utilizzata per rivelare la pre-
senza di acqua in alcol come agente diluente e, in seguito, per il controllo di qual-
ità di gel igienizzanti per mani e di liquori contenenti alcol. La terza ed ultima
piat-taforma sensoristica è stata sviluppata in collaborazione con l’azienda Fluid-
o-Tech nell’ambito del progetto DSF (Digital Smart Fluidics) che ha vinto il bando
“Research and Innovation Hub” POR FESR 2014-2020 finanziato dalla Regione
Lombardia. Il principale obiettivo del progetto è la creazione di una piattaforma
fluidica standardizzata per sviluppare dispositivi medici intelligenti per terapie in-
fusionali in ospedale e a casa. Le competenze che ho acquisito nell’ambito dei
sensori ottici mi ha consentito di prendere parte a questo progetto e di lavorare alla
realizzazione di una piattaforma opto-fluidica che può identificare tipi diversi di
miscele per nutrizione artificiale parenterale sulla base del loro indice di rifrazione,
con l’obiettivo di migliorare le condizioni di vita di pazienti curati a casa. Il prin-
cipio di funzionamento del sensore si basa sul fenomeno per cui, se un fascio lu-
minoso incide su di un canale fluidico rigido ad un certo angolo e uno specchio
è posizionato al di là del canale, la radiazione riflessa esce dal canale in una po-
sizione diversa dal punto di ingresso. In particolare, se fluidi con diverso indice
fluiscono nel dispositivo fluidico, il fascio di luce penetra nei fluidi con angoli di-
versi e la posizione di uscita del fascio riflesso trasla lungo la superficie. Questa
variazione di posizione può essere facilmente misurata utilizzando un fotorivela-
tore di posizione commerciale. Dopo lo studio e la caratterizzazione di diversi
canali fluidici e componenti ottici, sono stati progettati alcuni prototipi industriali
per l’integrazione in pompe per infusione commerciali. I prototipi sono stati uti-
lizzati con successo per distinguere miscele per nutrizione artificiale e, allo stesso
tempo, per rivelare bolle d’aria potenzialmente pericolose che possono svilupparsi
lungo il cammino fluidico.
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Introduction

Opto-fluidics, nominally the technological area where optics and fluidics merge,
is a relatively new research field that, in the last decade, is catching the attention of
both the worlds of academia and industry. Indeed, there is a growing interest for
the development of innovative opto-fluidic devices for a wide plethora of applica-
tions in the field of biology, nanomedecine, physics, chemistry, material science
and nanotechnology [1]. On the other hand, opto-fluidics is surely a challenging
field because it has a strongly interdisciplinary origin: thus, in order to develop
suitable solutions, a combination of knowledge in different fields, ranging from
materials science to photonics, from fluidics to molecular biology, is required.
The “young age” of opto-fluidics is proved by the fact that the first works reported
in the Web of Science database containing the word “opto-fluidics” are quite re-
cent and date back to the year 2005 [2, 3]. Since then, the number of publications
on opto-fluidic rapidly increased, going from 0 to more than 500 in a range of 12
years (2005-2016). Moreover, also the number of Ph.D. schools on topics related
to opto-fluidics is growing as well as the number of topical conferences organized
by important scientific associations. In the very last years, the newest trend is to
move to micro-opto-fluidic devices, based on the integration of optical technolo-
gies and micro-fluidics [4] that allows the analysis of ultra-low volumes of sample,
a feature particularly important when dealing with biological fluids [5]. Another
important challenge is the necessity of achieving high performance and sensitivity
while using low-cost, or disposable, systems. Such an achievement could boost
the diffusion of opto-fluidic solutions in many environments where complex lab-
oratory instrumentation is not available. Moreover, the creation of user-friendly
and easy-to-use platforms could help promote the use of such devices also by non-
technically-expert personnel. In the literature several works on opto-fluidics are
reported, focusing on many different research field. A particularly interesting and
urgent application is the exploitation of opto-fluidics for medical and biological
sensing [6]. Opto-fluidics solutions are reported for sample detection based on ab-
sorbance and fluorescence [7], refractive index measurement of biological fluids
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[8], protein and DNA analysis [9], cell imaging and sorting [10], immunoassays.
Moreover, the latest trend is to combine optics and micro-fluidics to realize minia-
turized lab-on-chip platforms where light sources and detectors, waveguides and
fluidic channels can be integrated in a single chip using innovative microfabrica-
tion techniques and innovative materials [11].

The research activity that I have carried out during my Ph.D. places itself ex-
actly in this framework and aims to develop smart sensing platforms to analyze
the optical properties of fluids for chemical and biological applications, exploiting
label free, remote, contactless and non-invasive opto-fluidics techniques.

In the following, a brief summary of this Ph.D. dissertation is reported.

In Chapter 1, I introduce the first micro-opto-fuidic platform that I designed for
high sensitivity refractive index measurements in rectangular glass micro- capil-
laries in the near infrared region, exploiting optical interferometry in an innovative
manner. In particular, the interferometric signal is analyzed in the wavelength do-
main to detect the position of optical resonances. The theoretical background and
principle of operation of the measuring technique, as well as the developed in-
strumental configuration, are discussed. Experimental results are presented and
compared with the method based of reflectivity and transmissivity analysis previ-
ously investigated.

In Chapter 2, I describe the micro-opto-fuidic platform that I developed for char-
acterization of the absorption spectrum of fluids in the near infrared range from
1.0 to 1.7 μm in micro-fluidic channels with selectable pathlength. Spectroscopic
measurements are necessary to identify the composition of a sample, since detec-
tion of the real part of refractive index is non-specific. I introduce the theoretical
model developed to describe light propagation in the channel and the instrumen-
tal configuration, then I compare theoretical and experimental results. In the end,
two specific real-life sensing applications are described: quality control of hand
sanitizer gels and quality control of alcoholic beverages.

In Chapter 3, I present the activity carried out in the framework of DSF Digi-
tal Smart Fluidics project to develop a smart opto-fluidic platform that identifies
commercial mixtures for artificial nutrition. The features and performances of dif-
ferent fluidic channels are investigated and compared, both theoretically and ex-
perimentally. Then, I describe the opto-electronic and fluidic components chosen
to realize industrial prototypes for integration in commercial pumps for infusion
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and I present the outcome of experimental testing of artificial nutrition mixtures.
Eventually, preliminary results about the detection of air bubbles along the fluidic
path are given.

In Chapter 4, I report the overall conclusions and future work.

In Appendix A, I present the research activity carried out at the Nanometer Scale
Engineering Laboratory of Boston University, demonstrating the exploitation of
a more conventional type of high-coherence interferometry in the time domain
for characterization of nano-electro-mechanical systems. After describing the fea-
tures of doubly-clamped suspended nano-resonators that I analyzed, I present the
results of electro-thermal actuation and thermal noise characterization using a so-
phisticated laser Michelson interferometer.

In Appendix B, I describe the side activity carried out on absorption spectroscopy
analysis using short-wave infrared LEDs for multiwavelength detection of urea
concentration. I present the results of spectral analysis, as well as the results of
amplitude detection obtained with photodiodes. Then I describe the parameters
that were extracted for specific sensing of urea in water and dialysate solution.

InAppendix C, I report the detailed composition of each mixture for artificial par-
enteral nutrition used for experimental testing, as indicated on the product leaflets.



Chapter 1

Spectral phase interferometry for
high-sensitivity refractive index
sensing in rectangular glass
micro-capillaries

This Chapter is devoted to the presentation of spectral phase interferometry op-
erating in the near infrared wavelength range for refractive index monitoring of
liquid samples in micro-capillaries. First, the features of such micro-devices and
the theoretical equations that allow to describe them as optical resonators are pre-
sented. Afterwards, few general results about optical reflectometry to identify the
optical resonances of the capillary are described. Then, a brief introduction about
the theory of interferometry, how it can be used for resonances detection and the
most common instrumental configurations is provided. An important Section is
then devoted to the presentation of the results of theoretical simulations carried out
first considering an empty micro-capillary, and then filled with fluids for refrac-
tive index monitoring. Eventually, after the description of the micro-opto-fluidic
setup, the experimental results about resonances recognition and refractive index
detection of different types of liquids are presented and discussed in detail. The
results of this work were published in [12, 13, 14].

1.1 Features of rectangular glass micro-capillaries

Rectangular glass micro-capillaries are low-cost disposable micro-channels, com-
mercially available in a wide variety of formats. All the micro-capillaries investi-
gated during the researches presented in this doctoral thesis, known as Rectangle –
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Miniature Hollow Glass Tubings (VitroTubesTM), were purchased from VitroCom
(NJ, USA). The inner channel has depth indicated with d, while the front and back
wall have thickness tf and tb, respectively. Capillaries with length L = 50, 100,
300, 600 mm can be purchased, while different combination of wall thicknesses
and channel depths are available, ranging from 7 to 700 µm. The channel widthW
is usually one order of magnitude larger than its depth d. Moreover, the manufac-
turer ensures a tolerance of ±10% for the channel depth and of ±20% for thickness
of the walls. VitroTubesTM capillaries are realized in 3.3 borosilicate glass with
a refractive index (RI) of about 1.51 across the visible and near infrared spectral
region. Figure 1.1 reports a schematic representation of the micro-capillary and
a picture of three micro-devices with different dimensions in comparison with a
50-cent euro coin.

W = 1 mm

W = 4 mm

W = 10 mm

W
L

tf

tb
d

(a)

(b)

Figure 1.1: Rectangular glass micro-capillaries. (a) Schematic representation of the micro-
capillary. (b) Picture of three micro-capillaries with different dimensions.

Rectangular glass micro-capillaries exhibit many interesting features that make
them highly suitable for optical investigation of liquids and biological fluids. First,
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they are transparent and they offer a flat surface for remote contactless non-invasive
optical readout, also reducing scattering phenomena that typically arise when us-
ing circular section capillaries. Then, borosilicate glass is a biocompatible mate-
rial that can be easily functionalized for biological analyses; it also offers a good
adhesion for the deposition of thin metallic layers. Moreover, thanks to their mi-
crometric dimensions, micro-capillaries allow the analysis of ultra-low volumes
of liquid samples, of the order of few µL or even nL, an important feature in the
field of biological analyses, where often just very small quantities of fluids are ac-
cessible. Eventually, they can be easily connected with fluidic paths and inserted
into fluidic circuits to perform both static and in-flow measurements.

1.2 Rectangular glassmicro-capillaries as optical res-
onators

Figure 1.2: Schematic representation of the layered structure constituting the rectangular glass
micro-capillaries. At each interface between different media, incident light is partially reflected
and partially transmitted.

Rectangular glass micro-capillaries can be envisioned as optical resonators [15,
16, 17], composed of a sequence of three layers with different refractive index:
the front wall, the inner channel and the back wall. As reported in Figure 1.2,
when a light beam (plane wave) is shined orthogonally to its flat surface along the
z-direction, it encounters four different interfaces: interface 1-2 between air and
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glass, interface 2-3 between glass and the material filling the channel, that can be
air or a liquid sample, interface 3-4 between the channel and glass and interface
4-5 between glass and air. At each separation surface, the radiation is partially
transmitted and partially reflected. Supposing a condition of perpendicular inci-
dence, light is transmitted along the same direction of the incident beam, while the
reflected beam travels in the backward direction. In condition of perpendicular in-
cidence, the amount of transmitted and reflected field amplitude at each interface,
rjl and tjl respectively, is equal for the two polarizations of the electric field and it
can be calculated by applying the Fresnel formulas:

rjl =
nj − nl

nj + nl

(1.1)

tjl =
2nj

nj + nl

(1.2)

where the subscripts j and l indicate the origin and destination medium, respec-
tively, while nj and nl are the refractive indices of the two media. The overall
reflectivity and transmissivity of 2D and 3D structures are usually calculated by
transfer matrix method; however, in this situation a simpler approach based on
electromagnetic field propagation can be adopted. Indeed, being the width and
the length of the capillary larger than the diameter of the incident light spot, the
micro-capillary can be modeled as a cascade of Fabry-Pèrot etalons (each layer
is an etalon). This method consists in recursively applying the Fresnel formulas
starting from the back etalon in order to take into account the contribution given
by each layer [18]. Starting by considering the back glass wall of the capillary,
two interfaces are identified: 3-4 between the channel and back glass wall and
4-5 between back glass wall and air. Considering a plane wave propagating and
applying the Fresnel formulas, it holds that:

r3−4 =
nchannel − nglass

nchannel + nglass

(1.3)

r4−3 = −r3−4 (1.4)

r4−5 =
nglass − nair

nglass + nair

=
nglass − 1

nglass + 1
(1.5)
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t3−4 =
2nchannel

nchannel + nglass

(1.6)

t4−3 =
2nglass

nchannel + nglass

(1.7)

t4−5 =
2nglass

nair + nglass

=
2nglass

1 + nglass

(1.8)

where nglass is the glass RI, nchannel is the RI of the substance filling the channel
and nair = 1 is the RI of air. Afterwards, the equivalent electric field reflection
coefficient r3−4eq and the equivalent electric field reflection coefficient t3−4eq that
take into account the overall effect of the back wall are given by

r3−4eq = r3−4 +
t3−4 · t4−3 · r4−5 · e−i·2·k·nglass·tb

1− r4−3 · r4−5 · e−i·2·k·nglass·tb
(1.9)

t3−4eq =
t3−4 · t4−5 · e−i·k·nglass·tb

1− r4−3 · r4−5 · e−i·2·k·nglass·tb
(1.10)

where i is the imaginary unit, k = 2·π/λ is the wavenumber and λ is the wave-
length. The calculations have to be iteratively repeated also when considering the
other layers. When considering the capillary channel, defined by the interface 2-
3 between the front glass wall and the channel and the interface 3-4 between the
channel and the back glass wall, the equivalent electric field reflection coefficient
r2−3eq is given by

r2−3eq = r2−3 +
t2−3 · t3−2 · r3−4eq · e−i·2·k·nchannel·d

1− r3−2 · r3−4eq · e−i·2·k·nchannel·d
(1.11)

and the equivalent electric field reflection coefficient t2−3eq is obtained as:

t2−3eq =
t2−3 · t3−4eq · e−i·k·nchannel·d

1− r3−2 · r3−4eq · e−i·2·k·nchannel·d
(1.12)

where

r2−3 =
nglass − nchannel

nchannel + nglass

(1.13)

r3−2 = −r2−3 (1.14)
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t2−3 =
2nglass

nchannel + nglass

(1.15)

t3−2 =
2nchannel

nchannel + nglass

(1.16)

Eventually, considering the cavity constituted by the front glass wall, similarly
to the previous calculations, the equivalent electric field reflection coefficient for
the whole structure r1−2eq, that is the reflection coefficient for the whole micro-
capillary rcap, is given by

rcap = r1−2eq = r1−2 +
t1−2 · t2−1 · r2−3eq · e−i·2·k·nglass·tf

1− r2−1 · r2−3eq · e−i·2·k·nglass·tf
(1.17)

and the the equivalent electric field transmission coefficient for the whole structure
t1−2eq, that correspond to the transmission through the entire micro-capillary tcap,

can be calculated as

tcap = t1−2eq =
t1−2 · t2−3eq · e−i·k·nglass·tf

1− r2−1 · r2−3eq · e−i·2·k·nglass·tf
(1.18)

where

r1−2 =
nair − nglass

nair + nglass

=
1− nglass

1 + nglass

(1.19)

r2−1 = −r1−2 (1.20)

t1−2 =
2nair

nair + nglass

=
2

1 + nglass

(1.21)

t2−1 =
2nglass

nair + nglass

=
2nglass

1 + nglass

(1.22)

The spectral reflectivity for the powerRcap as a function of the wavelength and the
spectral transmissivity for the power Tcap as a function of the wavelength for the
overall micro-capillary are obtained as

Rcap(λ) = nair · |rcap|2 = |rcap|2 (1.23)
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Tcap(λ) = nair · |tcap|2 = |tcap|2 (1.24)

1.3 Refractive index sensing based on spectral shift
monitoring of transmissivity over reflectivity ra-
tion

In a previous work carried out at the Laboratory of ElectroOptics of the Univer-
sity of Pavia [19], refractive index monitoring in micro-capillaries was carried out
in the near-infrared range through reflectometry measurements, by collecting the
reflection spectrumRcap(λ) from the capillary illuminated with a broadband radia-
tion andmonitoring its minima: indeed, they wavelength position undergoes a red-
shift when the sample RI increases. Afterwards, also the transmitted Tcap(λ) light
was collected and the Tcap/Rcap ratio was computed and the refractive index was
measured by following the wavelength shift of its spectral maxima [18]. Acquisi-
tion of both reflected and transmitted spectra represents undoubtedly an advantage
with respect to standard reflectometry, since the evaluation of the Tcap/Rcap ratio
allows to compensate for intensity fluctuations of the readout source, with no need
of an additional monitoring system of the emitted optical power. The most signif-
icant results of this research are briefly discussed in this Section.

1.3.1 Theoretical results

In [18] the model presented in Section 1.2 describing how light propagates in a lay-
ered structures such as that of the micro-capillary was implemented in MATLAB
environment and simulations were performed considering a micro-device with ge-
ometrical parameter tf = tb = 21 μm and d = 30 μm. With the explained method,
the overall optical reflection Rcap and transmission Tcap by the capillary were cal-
culated considering first an empty capillary (i.e. filled with air), as reported in
Figure 1.3. Rcap minima correspond to Tcap maxima, and vice versa, and their
spectral location identifies the position of the micro-capillary resonances. More-
over, the wavelength location of minima and maxima depends on the geometrical
dimensions of the micro-device as well as on the RI of the walls and of the sub-
stances filling the channel. As a consequence, spectral measurements of reflected
and trasnmitted power by the capillary can be used for refractive index sensing.
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(a)

(b)

Figure 1.3: Theoretical results calculated through numerical simulations for an empty capillary
with tf = tb = 21 μm and d = 30 μm. (a) Reflectivity Rcap. (b) Transmissivity Tcap.

Hence, to observe the response of the device to flowing media RI changes, nu-
merical simulations were repeated for increasing RI values of the fluid inside the
channel. Figure 1.4 shows the theoretical spectral reflectivity and transmissivity
obtained for three different water-glucose dilutions with concentration 0 (water),
5 and 10% corresponding to RI values equal to 1.3340, 1.3413 and 1.3485 RIU,
respectively. Afterwards, the Tcap/Rcap ratio was computed (Figure 1.5): it is clear
that the resonances are located in correspondence of the maxima of this ratio sig-
nal. Moreover, the Tcap/Rcap ratio shifts towards longer wavelength as the RI in the
channel increases. By monitoring the wavelength shift of the Tcap/Rcap peaks, the-
oretical values of RI sensitivity were found in the range 290-500 nm/RIU. More-
over, it is important to notice that the maximum refractive index difference that can
be detected without ambiguity depends on the so called free spectral range (FSR),
that is the distance between two consecutive maxima of the same Tcap/Rcap spec-
trum. As reported in detail in [18], the FSR depends on he geometrical features of
the micro-capillary.
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(a)

(b)

Figure 1.4: Theoretical results calculated through numerical simulations and obtained supposing
the micro-capillary filled with samples with RI of 1.3340, 1.3413 and 1.3485 RIU. (a) Reflectivity
Rcap. (b) Transmissivity Tcap.

Figure 1.5: Theoretical Tcap/Rcap ratio. The RI difference with respect to a reference fluid can be
reconstructed by monitoring the spectral shift of the ratio peaks as indicated by the black arrow.

1.3.2 Optical setup

Figure 1.6 shows the instrumental configuration employed to perform spectral re-
flectivity and transmissivity measurements. Readout radiation in the near-infrared
range is provided by a Superluminescent Light Emitting Diode (SLED) source
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(EXS1510-2111, Exalos, Switzerland) with peak emission wavelength of 1549
nm, FullWidth at Half Maximum (FWHM) bandwidth of 57 nm and optical power
coupled in standard single-mode optical fibers of approximately 1.8 mW when
driven by a pumping current of I = 180 mA (current driver LDX-3207B, ILX
Lightwave, MT, USA) at a temperature of 20 °C (temperature controller, LDT-
5910, ILX Lightwave, MT, USA). The SLED is protected from unwanted optical
feedback with a fiber optical isolator. Radiation is carried toward the capillary un-
der test through a 2×2 fiber coupler with 50:50 splitting ratio (10202A-50-FC,
Thorlabs, NJ, USA). A pigtail style focuser with aspheric lens (LPF-04-1550-
9/125-S-5-23.5-3.9AS-60-3A-3-1, OzOptics, Canada) is used to shine light (with
orthogonal incidence) on the flat side of the micro-capillary, placed at a distance
of approximately 23.5 mm, and at the same time to couple the back reflected light
from the device under test. Transmitted optical power is as well coupled in the
fiber by means of a second lens (equal to the first one) placed on the opposite side
of the capillary. Fluids enter the devices just by capillary action dipping the free
ending of the capillary into an Eppendorf tube containing the fluid to be tested. A
peristaltic pump (Minipuls2, Gilson, WI, USA) is employed to push the fluids out
of the device channel after the optical detection. Reflected and transmitted opti-
cal powers are redirected to an optical spectrum analyzer (OSA Agilent 86142B,
Agilent Technologies, CA, USA) for acquisition with a resolution bandwidth RB

= 0.1 nm by a laptop.
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Figure 1.6: Schematic representation of the optical setup for Tcap/Rcap measurements. SLED:
Superluminescent Light Emitting Diode. OSA: Optical Spectrum Analyzer.

1.3.3 Experimental results

The aim of the experimental study was to demonstrate that the spectral shift of the
Tcap/Rcap ratio depends on the refractive index of water-glucose solutions flowing
through the micro-capillary, and thus can be proposed as a method for refractive
index sensing. A micro-capillary with geometrical dimensions tf = tb = 21 μm, d
= 30 μm, W = 300 μm and L = 5 cm was tested by flowing water-glucose dilu-
tions in concentration from 0 (water) to 16.5%, corresponding to RI values from
1.3340 to 1.3579 RIU. For every sample, the reflected and the transmitted power
spectra were acquired. All the signals were processed with a low-pass digital fil-
ter. Then, since the SLED has a Gaussian-shaped emission spectrum, the reflected
spectrum was normalized to the spectrum of the optical signal incident on the cap-
illary, whereas the transmitted spectrum was normalized with respect to a refer-
ence spectrum captured in transmission without the capillary. Finally, for every
sample the Tcap/Rcap ratio was calculated as reported in Figure 1.7. Figure 1.7(a)
shows the sequence of Tcap/Rcap spectra acquired for all the solutions tested. As
the RI of the filling solution increased, a shift of the spectral peaks toward longer
wavelengths was observed in agreement with the theoretical predictions, as better
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highlighted in the zoomed view of Figure 1.7(b) by the black arrow. Reporting the
wavelength position of the maxima as a function of the solution RI, the calibration
curves of the refractive index sensor were obtained and values of experimental sen-
sitivity S were found in the range 290-485 nm/RIU (Figure 1.7(c)). These results
are comparable with data reported in the literature [20, 21, 22] for more complex
devices, sometimes attainable only with expensive and lengthy microfabrication
techniques. The best calculated value for the LoD is 3.6 · 10−5 RIU.

In conclusion, this work demonstrated the feasibility of using rectangular glass
micro-capillaries for RI sensing. Since they have flat transparent walls and the
have micrometric dimensions, they can be exploited for label free optical analyses
of ultra-low volumes of fluids. Moreover, the possibility of collecting both trans-
mitted and reflected spectra allows to calculate their ratio and eliminates the need
of an external monitoring system for the emitted optical power in amplitude-based
sensors.
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(a)

(c)

(b)

S1 = 290 nm/RIU 

S2 = 456 nm/RIU 

S3 = 485 nm/RIU 

S4 = 309 nm/RIU 

Figure 1.7: Experimental results of Tcap/Rcap measurements. (a) Tcap/Rcap spectra relative to
water-glucose dilutions with RI from 1.3340 to 1.3579 RIU. Traces have been vertically shifted
for a better visualization. The absolute scale, on the y-axis, refers only to the trace relative to water.
(b) Zoomed view. (c) Experimental calibration curves of Tcap/Rcap peaks.
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1.4 Principles of optical interferometry and features
of spectral phase interferometry

Optical interferometry is a widely employed technique, relying on the well-known
physical phenomenon of light interference, demonstrated for the first time in 1803
by Thomas Young [23]: when two coherent light waves (in space and time) with
the same frequency interact, the resultant is a wave with amplitude that can range
from zero to the sum of the amplitudes of the two waves. During the Nineteenth
century, even though a good understanding of interference was reached, interfer-
ometry had only few relevant applications because of the limited availability of
sources with very narrow emission bandwidth. With the invention of laser in the
1960s, many powerful instruments based on interferometry were developed, able
to measure displacement, vibrations and velocity with sub-micrometric resolution
[24]. Nowadays, optical laser interferometry is widely exploited in many applica-
tion fields, ranging from astronomy to engineering metrology, from telecommu-
nications to medicine and biology.
On the other hand, low-coherence interferometry relies on the use of broadband
light sources (hence with a short coherence length) to perform measurements of
relative distance and relative optical paths. Optical Coherence Tomography (OCT)
is a bright example of a well-established technology based on low-coherence inter-
feromtry [25]. It is an imaging technique used to capture two- and three-dimensional
images of media constituted of several layers with micrometer-resolution and it is
typically exploited for investigation of biological tissues.

1.4.1 Laser interferometry

Figure 1.8 shows the basic scheme of a laser interferometer [26].

TARGET

MEASUREMENT ARM

REFERENCE
ARM

MEASUREMENT ARM

Iph

𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

𝐸𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

COHERENT
LIGHT SOURCE

PHOTO
DETECTOR

Figure 1.8: General scheme of a laser interferometer.
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Light emitted by a highly coherent source in space and time is directed towards
the target object or the physical ambient to be sensed (measurement beam). On
the other hand, a fraction of the radiation is kept inside the instrument to be used
as reference beam. Light reflected by the target is superimposed to the reference
radiation onto a photodetector so that the two associated electric field (−−−−−−−−→Emeasurement

and−−−−−−→Ereference, respectively) can interfere. The photogenerated current is given by:

Iph = σph · |
−−−−−−−−→
Emeasurement +

−−−−−−→
Ereference|2 = σph · |Em · ei·ϕm + Er · ei·ϕr |2

= σph · |Em · ei·(ω·τ+k·Lm)) + Er · ei·(ω·τ+k·Lr)|2
(1.25)

where σph is the photodetector responsivity, Em andEr are the electric field ampli-
tudes, ϕm and ϕr are the electric field phases, ω is the pulsation, τ is time and Lm

and Lr are the lengths of the measurement arm and reference arm, respectively.
Developing Equation 1.25 yields:

Iph = σph · [E2
m + E2

r + 2 · Em · Er ·Re{ei(̇ϕm−ϕr)}]
= Im + Ir + 2 ·

√
Im · Ir · cos(ϕm − ϕr)

(1.26)

where Im and Ir are the currents that the measurement and reference fields would
provide individually and the last cosinusoidal term is the interference signal. If the
reference phase ϕr is kept constant and equal to a know value, then by measuring
the variations of the cosine signal it is possible to retrieve how the phase ϕm (and
hence the measurement path Lm) varies in time.
Laser interferometry is used to measure displacement of a target, surface rough-
ness, surface planarity, angle rectangularity. Another important application is vi-
brometry, that is the measurement of very small vibrations of a solid body with
zero-average around an equilibrium point with a resolution down to fractions of
the wavelength. Laser vibrometry allows to study mechanical resonances of bod-
ies and to identify unwanted vibrations that may lead to breaks. It is exploited, for
example, in construction industry to monitor the state of maintenance of buildings
and in acoustics, to study the features of music instruments. Thanks to its great
resolution, laser interferometry is also highly suitable to characterize the mechani-
cal response of nano-resonators (see Appendix A). Last, laser interferometers have
been exploited also in the worldwide known LIGO and Virgo experiments for the
detection of gravitational waves [27].
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1.4.2 Low-coherence interferometry

Another important optical interferometric technology is the low-coherence inter-
ferometry, also known as white light interferometry. The general instrumental
configuration is the same of Fig. 1.8, but this technique makes use of a broad-
band radiation such as an LED (Light Emitting Diode) or a SLED or even a white
lamp. In white light interferometry, the coherence length Lc of the source plays a
fundamental role because it defines the possibility or not of having an interference
term in the photodetected current. In particular, it is defined as the value of the
difference ∆s between the measurement and reference paths that leads to halving
of the height of the interferometric fringes and it can be calculated as

Lc =
λ2
e

n ·∆λsource

(1.27)

where λe is the central emission wavelength, n is the RI of the propagationmedium
(n = 1 for a free-space interferometer) and ∆λsource is the FWHM emission band-
width, supposing a source with a Gaussian-like emission spectrum. While the
coherence length Lc of a laser source is of several meters, for LEDs and SLEDs
Lc ∼ 5-50 µm. From a rigorous point of view, the effect of the coherence length
for a low-coherence source is taken into account by modifying Equation 1.25 as
follows:

Iph = Im + Ir + 2 ·
√

Im · Ir · |G(τ)| · cos(ϕm − ϕr) (1.28)

where G(τ) is the autocorrelation function, also called “fringe visibility”. The au-
tocorrelation function modulates the amplitude of the cosine signal and according
to the Wiener-Khinchin theorem it is related to the emission spectrum of the light
source through the Fourier transform [28]. For highly coherent sources, the au-
tocorrelation function can be considered constant and always equal to 1. On the
other hand, in white light interferometry, the value of the fringe visibility depends
on the value of ∆s. In particular, if ∆s ≫ Lc, then the value of the autocorre-
lation function is almost equal to 0: no interferometric fringes are generated and
photodetector measures only a constant signal that is the sum of the intensities pro-
vided by the reference and measurement beams. On the opposite, if∆s ≪ Lc (that
is, the two interferometer arms are nearly balanced), then the autocorrelation func-
tion can be considered equal to 1 and the interferometric cosine signal does appear.
In a low-coherence interferometer, the reference mirror is usually mounted on a
translation stage, so that it can be moved farther or closer to the target (Figure 1.9).
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When the reference path matches the measurement one (i.e. ∆s = 0) the interfer-
ometric fringes are generated. Hence, the interferometer can be used to measure
the relative distances of the sample.

BROADBAND
LIGHT SOURCE

TARGET

REFERENCE
MIRROR

TRANSLATION STAGE

BEAM
SPLITTER

PHOTO
DETECTOR

Figure 1.9: Schematic representation of a low-coherence interferometer. Reference mirror is
mounted on a translation stage and it can be moved farther or closer to the target.

The low-coherence interferometry is an excellent technique also for the detection
of the interfaces or layers that compose the sample under test. For example, Rig-
amonti et al. exploited an all-fiber Michelson interferometer to detect the glass
walls and the inner channel constituting the rectangular glass micro-capillaries
presented in Section 1.1 [29, 30]. Measuring the optical path related to the differ-
ent interfaces and knowing the refractive index of the borosilicate glass, they were
also able to measure the wall thickness and the channel depth and check the com-
pliance with the manufacturing tolerances reported by the producer (see Section
1.1).

1.4.3 Instrumental configurations for optical interferometers

Many different instrumental configurations can be considered for the practical im-
plementation of an optical interferometer. Figure 1.10 reports the most common
instrumental schemes that are used in commercial products and gave rise also to
several variants to improve the final performances. In every scheme the element
∆soptical(f) represents a generic variation of optical path happening along the mea-
surement arm of the interferometer (that is the variable to be measured) caused by
the phenomenon f . f could be a displacement, a vibration, a rotation, a variation
of refractive index, for example.
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Figure 1.10: Most common optical interferometers and their bulk optics implementation schemes.
From these basic configurations, many others have been developed for performance improvement
or specific applications. The orange and green arrows indicate the path of measurement and refer-
ence beams, respectively.
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Widely used today, the Michelson interferometer is the first type of interferome-
ter invented by Albert Michelson in 1887 (Figure 1.10(a)). All modern interfer-
ometers have evolved from this first one since it demonstrated how light can be
used to make the most sensitive of measurements. In a Michelson interferome-
ters, a beam splitter is used to split light between the reference and the measure-
ment path where the target (or sample) is located. Back-reflected light from the
target and the reference mirror is recombined and a photodetector records the in-
terference pattern. The variation of optical path of the target is measured with
λ/2-resolution and, in order to get a precise measurement, the angular alignment
of both mirrors and target has to be ensured, which is often a critical point. To
solve this issue, the Twyman-Green interferometer, that is a variant of Michel-
son scheme, can be implemented by substituting the mirrors with corner cubes:
here, the reflected beam is returned parallel to the impinging one, regardless of the
incidence angle. Similarly, the beam splitter is replaced with a glass cube beam
splitter. The Mach-Zehnder interferometer shown in Figure 1.10(b) is a sort of
unfold Michelson scheme, where the reference and measurement beam are split
and recombined by two different beam splitters. The second beam splitter divides
the superposed beams in two halves that are detected by two different photodetec-
tors. In the Sagnac interferometer (Figure 1.10(c)), light is split into two beams by
a beam splitter and the reference and measurement beams travel along the same
path but in opposite directions (clockwise and counterclockwise). Then, they are
recombined by the original beam splitter and interfere on the photodetector. Since
the two paths have the same length, the Sagnac interferometer is insensitive to
any movements of its optical components: hence it is totally unsuited to measure
length variations. However, when the interferometer system is put in rotation, one
light beam takes a longer time than the other in order to travel the whole path, re-
sulting in a non-reciprocal phase shift between the two beams. Hence, the Sagnac
configuration is used in gyroscopes to measure angular velocity and in magnetic
field sensors. Last, the Fabry-Pérot interferometer (Figure 1.10(d)) features two
parallel mirrors that define a cavity inside which the optical path variation hap-
pens. The first mirror has a reflectivity much smaller than 100% so that a fraction
of light (measurement beam) can reach the second mirror. Light that is reflected is
kept as reference beam. A typical application of a Fabry–Pérot interferometer is to
check whether a laser operates on a single resonator mode or on multiple modes.
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1.4.4 Spectral phase interferometry for detection of optical res-
onances

In this Ph.D dissertation, an innovative interferometric detection method was de-
veloped to identify the optical resonances of rectangular glass micro-capillaries
presented in Section 1.1 with the goal of monitoring refractive index variations
of fluids flowing in the micro-channel. It is based on the study of the spectral
phase of the cosine signal in the wavelenght domain generated during the inter-
ferometric measurement. Traditional interferometry provides interference signals
that are analyzed in the domain of time or temporal frequency: for example, in
high-coherence interferometry, the displacement of a target can be estimated by
counting the number of the interferometric “fringes”, that are the semi-periods of
the cosine signal recorded in the time domain. In vibrometry, the vibrations of a
body can be studied looking at the interferometric signal in the domain of tem-
poral frequency. Here, a different approach is adopted and the cosine signal is
studied in the domain of optical wavelength. Indeed, by analyzing the shape of
the spectral cosine signal, it is possible to retrieve the wavelength location of the
micro-capillary optical resonances [12, 14]. In particular, the technique based on
interferometric phase interrogation was demonstrated for the first time in 1996
at visible wavelengths for measuring the wavelength position of surface plasmon
resonances (SPRs) in SPR-based sensors [31]: using a He-Ne laser, the detection
was based on the measurement of the relative phase shift of the TM polarized com-
ponent of the electric field compared with the TE polarized one. Since then, the
phase detection method has been widely employed for the investigation of both
prism- [32, 33] and fiber-based SPR sensor [34, 35]. Moreover, the configura-
tion presented in this thesis differs from both high-coherence and low-coherence
traditional interferometers: indeed, the instrumental configuration set up in this
research work does not make use of a light source with a very narrow emission
bandwidth (such as a laser), nor a broadband radiation emitted by a lamp. As
explained in further details in Section 1.6, here a light source with an emission
bandwidth around 40 nm was exploited, but the actual bandwidth to be considered
is the resolution bandwidth RB = 0.1 nm set by the optical spectrum analyzer.
In order to detect the wavelength position of the optical resonances of micro-
capillaries, the interferometric signal in the wavelength domain must be consid-
ered. When having aMichelson interferometer with the micro-device placed at the
end of the measurement path and a mirror at the end of the reference path, the in-
terference between the two back-reflected fields yields the typical interferometric
signal Iinterf (λ) with a cosine-like profile [26]
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Iinterf (λ) ∝ cos[ϕtot(λ)] = cos[ϕinterf (λ) + ϕcap(λ)] (1.29)

where the total phase ϕtot(λ) is given by the sum of ϕcap(λ), which is the phase shift
related to the capillary reflection coefficient, and ϕinterf (λ), which is the phase shift
contribution due to the difference∆s between the optical path of the interferometer
arms, given by

ϕinterf (λ) = 2 · k ·∆s (1.30)

where k is the wavevector as previously defined. Moreover, ϕcap(λ) can be re-
trieved by performing the following calculations:

ei·ϕcap(λ) =
rcap(λ)

|rcap(λ)|
(1.31)

ϕcap(λ) = Im{ln rcap(λ)

|rcap(λ)|
} (1.32)

where ln denotes the natural logarithm and Im the imaginary part of a complex
number. As explained in further details in the following Sections, from the analysis
of the phase of the spectral cosine signal it is possible to clearly detect the num-
ber and the wavelength position of the optical resonance of the micro-capillary
structure.

1.5 Results of theoretical analysis

In order to better understand the principle of operation of the spectral interfero-
metric method and its theoretical performances, the model explained in Section
1.2 was further extended in MATLAB environment with the addition of the equa-
tions presented in Section 1.4.4: numerical analyses were performed to calculate
the line-shape of the cosine signal when spectral phase interferometry is used for
the recognition of optical resonances and to obtain a theoretical estimation of the
sensitivity when the micro-opto-platform is exploited for RI sensing. Moreover,
simulations for an empty capillary were also repeated by adding a Gaussian noise
term to the data, in order to better simulate a laboratory condition.
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1.5.1 Theoretical evaluation of spectral phase interferometry
for resonances detection

Theoretical studies were carried out by first considering a micro-capillary with
nominal dimensions tf = d = tb = 50 μm and empty channel (i.e. filled with air).
Simulations were carried out supposing an infinitely small (ideally equal to 0) res-
olution bandwidth; glass RI dependence on the wavelength has been taken into
account through interpolation of data obtained from the literature [36]. RI of air
was considered constant and equal to 1.The spectral reflectivityRcap(λ) calculated
for this micro-device is reported in Figure 1.11(a) in the wavelength range from
1.52 to 1.58 μm. The spectrum exhibits maxima and minima at wavelength posi-
tions that depend on the geometrical parameters of the micro-device and on the RI
of the walls and of the substance filling the channel. In particular, for an empty
channel, each spectral minimum is located exactly at a wavelength position that
corresponds to a resonance of the capillary structure. Making a comparison with
the results reported in Section 1.3 and obtained for a capillary with the same struc-
ture but with different dimensions (tf = tb = 21 μm, d = 30 μm), it can be noticed
that the line-shape and the number of resonances of the reflectivity signal is very
different for the two micro-devices: indeed, it was demonstrated that these fea-
tures depends on the dimensions of the wall and of the inner channel [18, 19]. In
particular, the number of optical resonances increases for thicker micro-devices.
Since the actual dimensions could be different from the nominal values, the sim-
ulations were repeated also considering the highest error tolerances reported by
the manufacturer. Figure 1.11(b) shows how the shape of the spectral reflectivity
does change when considering two extreme cases corresponding to geometrical
dimensions far from nominal values: +20% for both wall thicknesses and +10%
for channel depth (dashed trace) or –20% for both wall thicknesses and −10% for
channel depth (dotted trace). The solid black trace corresponds to the result ob-
tained by considering nominal dimensions as in Figure 1.11(a). Figure 1.11(c)
compares the spectral behavior of the interferometric cosine signal (black trace)
provided by Equation 1.25, assuming ∆s = 140 μm, with the capillary reflectivity
(red trace). From the comparison, it can be noticed that the interferometric signal
exhibits very steep jumps corresponding to sharp phase changes at wavelengths
where reflectivity minima are located. In order to enhance the steep variations, the
derivative of the cosine signal with respect to the wavelength was computed and its
absolute value is plotted as a function of the wavelength in Figure 1.11(d). Hence,
the wavelength position of the resonances can be identified as narrow peaks of the
derivative signal rather than as broad minima of the spectral reflectivity signal.
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(a)

(b)

(c)
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Figure 1.11: Results of theoretical analysis carried out on an empty micro-capillary with tf = d

= tb = 50 μm. (a) Spectral reflectivity Rcap(λ) of the capillary. (b) Comparison between spectral
reflectivities Rcap(λ) of capillaries with different geometrical parameters: tf = d = tb = 50 μm (red
trace), tf = tb = 50 μm 50 μm + 20% variation and d = 50 μm + 10% variation (green trace),tf =
tb = 50 μm - 20% variation and d = 50 μm - 10% variation (blue trace). (c) Cosine interferometric
signal (black trace), characterized by steep phase jumps (red trace). (d) Absolute value of the cosine
derivative with respect to the wavelength.
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1.5.2 Effect of Gaussian noise addition

In order to better model an experimental situation, the theoretical analysis on
the empty micro-capillary (with same nominal dimensions) was also repeated by
adding a term of random white Gaussian noise to the overall reflection coefficient
of the capillary itself Rcap(λ), using the MATLAB function awgn [13] and spec-
ifying as inout parameter a signal-to-noise ratio of 30 dB. Results are shown in
Figure 1.12.
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Figure 1.12: Results of analytical simulations obtained by adding white Gaussian noise to the
reflectivity spectrum Rcap. (a) “Noisy” capillary reflection (red trace) in comparison with ”noisy”
cosine signal (black trace). (b) “Noisy” derivative signal: the position of the resonances is still
clearly detectable.

Figure 1.12(a) shows the “noisy” capillary reflectivity (red trace) in comparison
with the “noisy” cosine signal (black trace) that has been processed with a digi-
tal low-pass Butterworth filter, by analogy to the data processing that was done
on experimental data. Amplitude fluctuations affect now the Rcap signal and the
position of its minima is now less easy to identify with respect an ideal situa-
tion, in particular for very close resonances. On the other hand, the cosine signal
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still exhibits well-defined phase jumps in correspondence of almost all the micro-
capillary resonances. Computing the derivative (Figure 1.12(b)), it can be noted
that the amplitude of the peaks is only one order of magnitude smaller than in the
ideal case when no noise is considered (Figure 1.11(d)). In addition, the FWHM
of the theoretical derivative peaks before and after considering the presence of
noise was computed. For the theoretical maxima obtained before adding the white
Gaussian noise, the FWHMs are limited by the wavelength step (10 pm) used to
carry out the simulations. Supposing an ideal sampling with an infinite number of
points, the FWHM of each peak would be equal to 0. On the other hand, for the
theoretical peaks obtained after adding the noise, the FWHMs have finite values
(due to the noise effects) of the order of 200 pm.

1.5.3 Theoretical evaluation of spectral phase interferometry
for refractive index sensing

Since the main goal of this research was the exploitation of spectral phase inter-
ferometry for refractive index sensing of liquids in rectangular micro-capillaries,
theoretical simulations were repeated by considering the same micro-device filled
with liquid samples, in order to investigate the performances of such innovative
readout technique. For the fluids filling the channel, RI were considered equal
to 1.33400, 1.33545, 1.33690, 1.33835, 1.33980, 1.34270, 1.34560 and 1.34850
RIU, values that can be obtained by means of water-glucose solutions with con-
centration 0, 1, 2, 3, 4, 6, 8 and 10%, respectively. The refractive index of the
samples where considered constant with the wavelength because of the complex-
ity of finding reliable values in the literature. Theoretical results are reported in
Figure 1.13. Figure 1.13(a) shows the theoretical cosine signals for different sam-
ple RIs. As stressed by the black arrow, they undergo a spectral red-shift as the
sample RI increases; moreover, the line-shape of the phase jumps can change for
different samples. The steep phase variations can be better detected by computing
the absolute value of the cosine derivative with respect to the wavelength (Figure
1.13(b)). As it can be better observed in the zoomed view of Figure 1.13(c), the
derivative peaks can have a very different absolute amplitude due to the different
shape of the phase jumps: nevertheless, the automatic detection of the derivative
peaks is not negatively affected. By linearly fitting the wavelength position of the
derivative peaks as a function of the sample refractive index, the theoretical cali-
bration curves of the micro-opto-fluidic platform for RI sensing based on spectral
phase interferometry were retrieved (Figure 1.14). Theoretical values of sensitiv-
ity S, defined as the spectral shift of the derivative peak∆λ for a certain variation
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of refractive index ∆n (S = ∆λ/∆n), were found in the range 324-412 nm/RIU.

(c)

(a)

(b)

Figure 1.13: Theoretical results obtained by simulation of a micro-capillary with tf = tb = d =
50 μm filled with samples with RIs varying from 1.3340 to 1.3485 RIU. (a) Cosine signals shift
towards higher wavelength when the sample RI increases. (b) Derivative signals with respect to
the wavelength with a zoomed view (c): the spectral shift of phase jumps can be monitored more
easily.
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S1 = 403 nm/RIU

S2 = 334 nm/RIU

S3 = 336 nm/RIU

S4 = 407 nm/RIU

S5 = 328 nm/RIU

S6 = 350 nm/RIU

S7 = 412 nm/RIU

S8 = 324 nm/RIU

S9 = 364 nm/RIU

S10 = 411 nm/RIU

Figure 1.14: Theoretical calibration curves.

1.6 Micro-opto-fluidic configuration for experimen-
tal measurements

Figure 1.15: Block diagram of the instrumental configuration including aMichelson interferometer
for experimental testing. EBS: broadband source. OSA: optical spectrum analyzer.
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Experimental measurements were performed in order to verify the theoretical anal-
ysis. First, the interferometric spectral readout configuration was exploited to
detect and measure the wavelength positions of the optical resonance of micro-
capillaries. Afterwards, simply by adding one component for liquid sample han-
dling, the same setup was used also to carry out refractive index measurements
in micro-capillaries with high sensitivity. Figure 1.15 reports the block diagram
of the micro-opto-fluidic configuration employed for experimental measurements.
The micro-capillary is positioned vertically and glued to a metallic frame support
to improve its rigidity and avoid unwanted vibrations of the micro-device. Light in
the near-infrared region with average power density of 0.12 mW/0.1 nm is emitted
by a diode-pumped Er3+-doped fiber Broadband Source (EBS-4022, MPB Tech-
nologies Inc., Canada). Its output spectrum (shown in Figure 1.16) is characterized
by a 40-nm emission bandwidth, as FWHM, centered at the wavelength of 1550
nm.

Figure 1.16: Emission spectrum of the EBS light source.

The emitted radiation is coupled into a standard telecommunication single-mode
optical fiber (9/125 core/cladding diameter, SM-R/KR, Pirelli Cavi, Italy) and
guided through a fiber optical isolator (to protect the source from unwanted back-
reflections) towards an input port of a 2×2 fiber-optic coupler (BXC15, Thor-
labs, NJ, USA) with 50:50 splitting ratio. One output port of the coupler ends
with an aspherical lens (LPF-04-1550-9/125-S-5-23.5-3.9AS-60-3A-3-1, OzOp-
tics, Canada) with working distance of 23 mm. The unused output port of the
coupler was terminated with an angled connector to avoid spurious back reflec-
tions. The low-divergence beam travels in free space and reaches a 4-mm-thick
glass slab acting as a beam splitter since it is oriented at 45° with respect to the in-
coming beam axis. About 96% of light is transmitted at each interface of the beam
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splitter: consequently, about 92% (96% × 96% ≈ 92%) of the readout radiation
crosses the glass slab and reaches the flat side of the micro-capillary, traveling
along the measurement path of the Michelson interferometer. A small fraction
(approximately 4%) of the radiation that is shined onto the beam splitter is re-
flected by the first air–glass interface at an angle of 90° and it is redirected along
the reference arm of the interferometer toward an Al-coated mirror (ME05S-G01,
Thorlabs, NJ, USA). The light reflected from the second glass–air interface of the
slab does not reach the mirror. During the experiments with liquid samples, the
fluids fill the channel by capillary action and they are then discarded with the aid
of a peristaltic pump connected to the upper end of the micro-device with a luer
adapter and a plastic tube. Beams back-reflected by the capillary and themirror are
recombined on the same axis by the beam splitter and redirected toward the lens
for fiber coupling. Collected light is detected with an optical spectrum analyzer
(OSA Agilent 86142B, Agilent Technologies, CA, USA) that allows recording of
amplitude spectra as well as of interferometric signal due to beating between the
measurement and reference beams, with a resolution bandwidth RB = 0.1 nm.
The OSA is connected to a laptop for data acquisition via a LabVIEW interface.
Data are acquired as Excel files and subsequently processed through a MATLAB
routine.

1.7 Experimental results

In order to verify the validity of the theoretical analyses and demonstrate the prin-
ciple of operation of the spectral phase interferometry as well as its suitability
for refractive index monitoring of liquids, experimental measurements were per-
formed on a rectangular glass micro-capillary using the instrumental configuration
presented in Section 1.6. First the optical resonances of the micro-devices were
identified. Afterwards, by filling the micro-channel with liquid samples and fol-
lowing the wavelength shift of the abrupt phase jumps, the phase interferometry
technique was exploited for the measurement of refractive index changes with re-
spect to a reference fluid.

1.7.1 Detection of the optical resonances of the micro-capillary

First, the optical resonances of a glass micro-capillary with nominal dimensions
tf = tb = d = 50 μm were measured exploiting spectral phase interferometry. The
wavelength dependence of the experimental photodetected interferometric signal
is given by the expression
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Iinterf exp(λ) = Icap(λ)+Imirror(λ)+2·V ·[Icap(λ)·Imirror(λ)]
1/2·cos[ϕtot(λ)] (1.33)

where Icap(λ) is the signal intensity only due to the capillary reflection, Imirror(λ)

is the signal intensity only due to the mirror reflection, ϕtot(λ) is the total phase
as mentioned in Equation 1.29 and V is the fringe visibility, a parameter that is
controlled by the autocorrelation function of the readout light, as previously ex-
plained. V can be assumed to be equal to 1 if the unbalance between the lengths of
the two interferometer arms∆s is much shorter than the coherence length Lc of the
photodetected light. Lc can be computed substituting in Equation 1.27 the values
λe = 1550 nm and n = 1; moreover, ∆λ to be considered in the calculation is the
resolution bandwidth of the OSA RB = 0.1 nm. In this condition, Lc = 24 mm.
Since in the experimental measurements the Michelson interferometer is operated
in quasi-matching condition (i.e. ∆s ≈ 0), then Lc ≫ ∆s and V can be considered
equal to 1. Signals were acquired by the OSA in the following sequence. First,
Icap(λ) was collected by blocking the reflection coming from the reference mirror.
Then, the signal Imirror(λ) was recorded by blocking the signal coming back from
the capillary. Eventually, the overall interferometric signal Iinterfexp(λ) containing
the interference contribution was collected. During each measurement the posi-
tion of the mirror was kept fixed to maintain the quasi-matching condition. After
acquisitions, data were processed and the cosine signal was retrieved as

cos[ϕtot(λ)] =
Iinterf exp(λ)− Icap(λ)− Imirror(λ)

2 · [Icap(λ) · Imirror(λ)]1/2
(1.34)

The results of the experimental measurements carried out on an empty micro-
capillary are reported in Figure 1.17 and Figure 1.18. All the signals were ac-
quired with wavelength steps of 10 pm and resolution bandwidth of 0.1 nm. Figure
1.17(a) reports the power spectrum Icap(λ) due to the capillary only (red trace), the
interferometric signal Iinterfexp(λ) (black dotted trace), and the power spectrum
Imirror(λ) (blue trace) due to the reference mirror only with constant amplitude
over the spectral range of interest. The spectral line-shape of the experimental
power reflected by the capillary is in substantial agreement with the theoretical
behavior, shown in Figure 1.11(a), in terms of the number of minima and maxima
in the selected span and the sequences of peaks with different amplitudes. Dis-
crepancies between experimental and theoretical spectra are due to the effective
values of the capillary dimensions, very likely not coincident with the nominal
values considered in the simulations, due to fabrication tolerances. Moreover,
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the interferometric signal is very similar to the reflectivity spectrum since the in-
teferometer was operated in quasi-matching condition (i.e. with short mismatch
between arm lengths): hence the period of the interferometric signal is quite large
and comparable to the periodicity at which the resonances of the Icap(λ) signal
occur. Figure 1.17(b) and Figure 1.17(c) reports two examples of interferometric
cosine signal retrieved by applying Equation 1.34 (black traces). The two signals
exhibit a different number of fringes since they were obtained by slightly trans-
lating the position of the mirror: in particular, the trace of Figure 1.17(c) has a
lower number of fringes and it was retrieved by slightly reducing the mismatch
∆s. Figure 1.17(c) reports also a filtered version of the cosine signal (blue trace):
indeed, a digital low-pass filter was implemented to get rid of spurious spectral
ripple, very likely coming from unwanted internal reflections. The applied filter,
implemented in MATLAB code, is an infinite impulse response (IIR) Butterworth
low-pass filter with a cut-off λ−1 at 3000 μm−1 and an order of 10. The cosine
signals are directly compared with the power spectrum Icap(λ) (red trace) due to
the capillary only. In both examples, the interferometric cosine signals exhibit
sharp amplitude jumps due to steep phase changes at the same wavelength posi-
tions where reflectivity minima, and thus resonances, are located, in agreement
with the theoretical hypotheses. Hence, it was demonstrated that the presence of
the phase jumps is not a spurious or random interferometric effects, but they are
due to the presence of the optical resonances. Moreover, the position of the abrupt
phase variation for a certain resonance is always the same and does not change for
different periods of the fringes, meaning that it does only depend on the resonance
wavelength.
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(a)

(b)

(c)

Figure 1.17: Experimental results for an empty micro-capillary with tf = tb = d = 50 μm. (a) Typ-
ical experimental signals: reflectivity spectrum of the capillary (red trace), interferometric signal
(black dotted trace) and reflection from the reference mirror (blue trace). (b) Example of a co-
sine interferometric signal (black trace) with visible fringes directly compared with the capillary
spectral reflectivity (red trace). (c) Example of a cosine interferometric signal (black trace) with a
lower number of fringes (with a zoomed detail) obtained by reducing the arm mismatch compared
with capillary spectral reflectivity (red trace); the blue trace is a filtered version of the same inter-
ferometric signal.
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(a)

(b)

Figure 1.18: Experimental results for an empty micro-capillary with tf = tb = d = 50 μm. (a)
Absolute value of the derivative (black trace) with respect to the wavelength of the filtered cosine
signal reported in Figure 1.17(c): very sharp peaks are located in correspondence of the optical
resonances. Red trace: capillary spectral reflectivity. (e) Absolute value of the derivative (black
trace) after thresholding to better visualize the sharp peaks. Red trace: capillary spectral reflectiv-
ity.

By calculating the derivative of the cosine signals with respect to the wavelength
and computing the absolute value, the steep amplitude variations due to phase
jumps are strongly enhanced, appearing as sharp peaks as a function of the wave-
length (Figure 1.18(a), black trace). The sharp peaks allows to clearly and easily
identify the resonances of the capillary reflection spectrum (red trace). To elimi-
nate low amplitude components of the derivative (not relevant for the phase detec-
tion of the resonances), a threshold was set to 2700 μm−1 and the signal compo-
nents lower than the threshold were zeroed (Figure 1.18(b)). To check the reliabil-
ity of the phase-based detection method, the wavelength positions of the spectral
minima and of the derivative peaks were calculated and compared. For example,
the derivative peak indicated by the star in Figure 1.18(b) and the corresponding
reflectivity minimum are both found at λ = 1546.0 nm. Again in Figure 1.18(b), for
the resonance indicated by the triangle, the derivative peak is found at λ = 1555.25
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nm, while the wavelength position of the reflectivity minimum on the spectrum is
found at λ = 1555.27 nm. The comparison was studied for all the micro-capillary
resonances in the wavelength range of interest, revealing a high level of agreement
between the results obtained by applying the two methods (the spectral one and
the interferometric one, respectively). Thus, it was demonstrated that the spectral
phase interferometry is a reliable method for detection of the optical resonances.

1.7.2 Application of spectral phase shift interferometry for re-
fractive index sensing

After the characterization of the micro-device resonances, the same capillary with
geometrical dimensions tf = tb = d = 50 μm previously tested with empty channel
was used to perform experimental measurements on liquid samples in order to de-
velop a spectral phase interferometric readout to measure variations of real part of
the refractive index of fluids with respect to a reference substance. As described
in Section 1.6, the fluid enters the channel simply by capillary action thanks to
its micrometric depth and then it is discarded with the aid of a peristaltic pump
(Minipuls2, Gilson, WI, USA) connected to the upper end of the capillary. All
tests were carried out in static conditions, that is, with the fluid in steady condi-
tion inside the micro-channel. It is important to stress that this readout method is
remote, non-invasive, contactless and totally safe for the sample under test. More-
over, the choice of working in the NIR region allows to use well-established stan-
dard optical components (such as optical fibers and sources) that have been tra-
ditionally developed for telecommunication applications and are now available at
reasonable costs. First, to obtain a calibration of the micro-opo-fluidic platform,
water-glucose dilutions were tested in concentration of 0 (water), 1, 2, 3, 4, 5,
10% and corresponding to RI values of 1.3340, 1.3351, 1.3363, 1.3372, 1.3387,
1.3398, and 1.3468 RIU, respectively. The solutions were obtained by diluting a
glucose-water mixture of 10% concentration (Eurospital S.p.A., Italy) with deion-
ized water. The interferometric signal Iinterf exp(λ), the capillary signal Icap(λ),
and the mirror signal Imirror(λ) were acquired for every sample filling the micro-
device and the cosine signal was retrieved by applying Equation 1.34. Experimen-
tal results of water-glucose solution testing are shown in Figure 1.19, Figure 1.20
and Figure 1.21. Figure 1.19(a) reports the capillary reflected power Icap(λ) for
glucose–water dilutions at concentrations 1% and 5% (black trace and blue trace,
respectively) and the interferometric signal Iinterf exp(λ) for both concentrations
(gray dotted trace: glucose 1%; cyan dotted trace: glucose 5%): in particular, the
signals related to the higher concentration sample are shifted toward higher wave-



1. Spectral phase interferometry for high-sensitivity refractive index sensing in
rectangular glass micro-capillaries 38

length values (as highlighted by the red arrow in the figure), since the resonance
positions depend on the geometrical dimensions of the micro-capillary and on the
RI of the liquid filling the channel. Hence, by following the wavelength shift of
the resonance positions, it is possible to retrieve the RI variation of the sample
with respect to the reference fluid. For every sample analyzed, the interferometric
cosine signal was retrieved and filtered with the same IIR Butterworth filter previ-
ously described: in particular, Figure 1.19(b) shows the cosine signal for a sample
with 2% glucose concentration (black trace) in comparison with the correspondent
capillary signal (red trace). In agreement with the behavior observed for the empty
capillary, abrupt phase variations occur at the same wavelength positions where
reflectivity minima of the signal Icap(λ) are located.

(a)

(b)

Figure 1.19: Experimental results obtained by filling the capillary channel with glucose–water
dilutions. (a) Capillary signal for glucose 1% and glucose 5% (black trace and blue trace) and in-
terferometric signal for glucose 1% and glucose 5% (gray dotted trace and cyan dotted trace). (b)
Example of a cosine signal (black trace) directly compared with the capillary spectral reflectivity
(red trace). Both signals were obtained with a water–glucose sample in concentration 2% filling
the micro-capillary. The steep phase jumps are clearly recognizable in correspondence of the re-
flectivity resonances.

In Figure 1.20(a), the cosine signals related to the tested samples are reported
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(traces would be all superposed, but they have been vertically shifted for a better
visualization). The position of the phase jumps shifts toward higher wavelength
when the sample concentration increases. In view of a better automatic recogni-
tion, the derivatives of the cosine signals with respect to the wavelength was com-
puted and its absolute value was calculated: they are reported in Figure 1.20(b).
Here, the steep phase jumps are converted in sharp peaks that can be easily recog-
nized also by an automatic algorithm. Figure 1.20(c) reports a 2D view of the 3D
representation of the cosine derivatives, where the signal amplitude is expressed
in false color scale. This graph offers a better visualization of the derivative peak
shifts when the concentration (and thus also the RI) of the sample increases.
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Figure 1.20: Experimental results obtained by filling the capillary channel with glucose–water di-
lutions. (a) Cascade of the cosine interferometric signals acquired by flowing in the micro-capillary
glucose dilutions in water. The scale on the y-label refers only to the water cosine signal; all the
other traces were vertically shifted for a better visualization. The black arrow indicates the shift
underwent by phase jumps for increasing values if RI. (b) Absolute value of the cosine derivatives
with respect to the wavelength. The black arrow indicates the shift of the derivative peaks for
increasing values of RI. (c) 2D view of the 3D plot of the cosine signals derivatives. Amplitude
values are represented using false colors, indicated on the top of the graphs.

By best fitting the wavelength position of the derivative peaks as a function of the
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sample RI with a linear relation, the calibration curves of the micro-opto-sensing
platform with spectral interferometric readout were obtained and they are reported
in Figure 1.21 together with their equation and coefficient of determination R2.
Sensitivity S values in the range of 284–362 nm/RIU were obtained and the small-
estLoDwas found equal to 9.72 · 10−5 RIU. The values of experimental sensitivity
are slightly lower than the theoretical value reported in Section 1.5.3. This small
mismatch could be due to the fact that the actual dimension of the micro-capillary
likely differ from the nominal values that were considered in the analytical simu-
lations.

S1 = 360 nm/RIU R2
1 = 0.997

S2 = 304 nm/RIU R2
2 = 0.994

S3 = 362 nm/RIU R2
3 = 0.997

S4 = 333 nm/RIU R2
4 = 0.993

S5 = 284 nm/RIU R2
5 = 0.997

Figure 1.21: Linear calibration curves obtained by filling the micro-channel with water-glucose
dilutions. Sensitivity was found in the range 284-362 nm/RIU, in agreement with the theoretical
predictions.

Afterwards, to empirically verify the reliability of the measured LoD, other ex-
periments were carried out by filling the capillary channel with distilled water and
saline solution (Alcon Laboratories, Inc., FortWorth, TX, USA) [13]. The RIs of
these samples, measured at room temperature by means of an Abbe refractometer
at a wavelength of 566 nm, were found to be nH2O = 1.3340 RIU and nsaline =
1.3345 RIU: thus, their RI difference is very small and equal to ∆nsal = 5 · 10−4

RIU, value that is very close to the LoD that was previously found equal to 9.72
· 10−5 RIU. Even if in the NIR region the absolute RI values are not exactly the
same as in the visible region, their RI difference is very likely of the same order
of magnitude. The results of this test are reported in Figure 1.22. Figure 1.22(a)
reports the spectral power reflected from the capillary for water and saline solution
(black trace and dotted black trace, respectively) in comparison with the filtered
cosine signals retrieved by applying Equation 1.34 (red trace: water; blue trace:
saline solution). The cosine signal related to saline solution is slightly red-shifted
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with respect to the same kind of signal achieved with water filling. The shift can
be better appreciated by computing the cosine derivative, shown in figure 1.22(b),
and in the zoomed view of Figure 1.22(c).

(c)

(a)

(b)

water (cosine)       water (Icap)       saline sol. (cosine)       saline sol. (Icap) 

Figure 1.22: Experimental results obtained by filling the capillary channel with water and saline
solution. (a) Filtered cosine signals obtained when the capillary is filled with water (black solid
trace) and saline solution (black dotted trace) in comparison with the capillary reflectivity Icap (red
solid trace: water; red dotted trace: saline solution). (b) Derivative signal and a zoomed view (c):
even if the RI difference between the two fluid is very small, it is still possible to distinguish the
spectral shift.
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These results are very interesting and promising because they are the experimen-
tal proof that the spectral phase shift readout technique is able to measure and
distinguish fluids with a RI difference very close to the LoD value calculated dur-
ing the procedure of calibration of the micro-opto-fluidic platform. Moreover, the
sensitivity S for the derivative peak indicated by the star in Figure 1.22(c) was cal-
culated. The position of the resonance for water filling the channel is λ1 = 1543.21
nm, while for saline solution it is found λ2 = 1543.40 nm. Hence the sensitivity is
S = (λ2 − λ1)/∆nsal ≈ 360 nm/RIU and thus it is in agreement with the values
found for the calibration curves of Figure 1.21.
Eventually, experimental analyses were repeated by filling the capillary with two
alcohols, ethanol and isopropanol (both by Carlo Erba Reagents S.r.l., Italy), to
further investigate the potentiality of spectral phase-shift interferometry for mon-
itoring very large RI variations [13]. The RIs of these samples, measured at room
temperature by means of an Abbe refractometer at a wavelength of 566 nm, were
found to be netoh = 1.3640 and niso = 1.3772, thus, the RI difference is ∆nalcohol

= 13.2 · 10−3 RIU. Considering a sensitivity of the order of 360 nm/RIU, pre-
viously calculated from the experimental results attained with water and saline
solutions, when testing ethanol and isopropanol we expect a spectral shift of the
order of 5 nm—as large as the typical wavelength separation between consecutive
minima relative to resonances of the same order. Note that it was already demon-
strated in previous works [19] that the separation between consecutive minima
differs from one to another. This set of experiments with alcohols was performed
to demonstrate that phase-sensitive detection is feasible and suitable also for large
RI variations, close to the limit of the unambiguous range. Data were collected
and processed following the same procedures previously described. The main re-
sults of this analysis are reported in Figure 1.23. Figure 1.23(a) reports the power
spectra reflected from the capillary itself when the channel is filled with ethanol
(black trace) and isopropanol (red trace). The absolute values of the derivatives of
the cosine signals (as a function of the wavelength), obtained with phase-sensitive
detection, are shown in Figure 1.23(b). As expected, the peaks undergo a wide
red-shift, almost as large as the separation between consecutive resonances, when
ethanol is substituted by isopropanol in the capillary channel. In this case, the
wavelength shift of the resonance indicated by the arrow is ∆λalcohol = 5.15 nm.
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(a)

(b)

Figure 1.23: Experimental results obtained by filling the capillary channel with ethanol and iso-
propanol. (a) Icap signal obtained when the capillary is filled with ethanol (black solid trace) and
isopropanol (black dotted trace). (b) Derivative signals.

1.8 Discussion and conclusions

In this Chapter, a micro-opto-fluidic platform in combination with an innovative
spectral phase interferometric readout technique was presented for refractive in-
dex monitoring in rectangular glass micro-capillaries in the near infrared region.
An accurate theoretical model was implemented for carrying out theoretical pre-
dictions. Then, the micro-opto-fluidic setup was used first to detect the optical
resonances of the micro-capillaries and then for measuring the real part of the RI
of liquids. All the measurements performed are non-invasive, remote and contact-
less. The experimental results are in good agreement with the theoretical ones and
the experimental testing proved that the micro-opto-fluidic platform is suitable for
measuring different types of liquids, including alcohols.

A comparison can bemade between this sensing platform and the performances
of other solutions reported in the literature. In [37], with a three-level-gradient
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interferometer based on a custom-fabricated S-tapered fiber, authors obtained a
sensitivity of 51.17 nm/RIU that is significantly lower than the value we observed
with our configuration (284–362 nm/RIU). Zhang et al. [38] realized a fiber-optic
Fabry–Pérot interferometer for wide-range RImeasurement, reporting a sensitivity
value of 1260 nm/RIU. This value is roughly four times higher than our typical sen-
sitivity but it is obtained with a complex fiber-spliced sensor structure. Moreover,
this kind of probe is highly invasive for the sample since it is put in direct contact
with the fluid. Zhao et al. [39] reported a temperature and RI fiber-optic sensor
based on the cascade of a reflected Fabry–Pérot interferometer and a transmitted
Mach–Zehnder interferometer, obtaining an RI sensitivity of 178.7 nm/RIU that
is slightly lower compared with the sensitivity range (284–362 nm/RIU) demon-
strated in our work. For the prism-based system, reported in [33], the declared
range of linearity is 1.333–1.336 RIU, while in our work, we reported a linear re-
sponse of the sensor for sample with RI in a bigger range (1.3340–1.3468 RIU).
Gasior et al. [35] report a sensitivity of 2700 nm/RIU. This value is higher than the
sensitivity of our sensor but it is obtained with a complex birefringent D-shaped
fiber obtained with complex micromachining fabrication steps.
In previous researches carried out at the Laboratory of ElectroOptics, RI detec-
tion in micro-capillaries was carried out first measuring the minima of the Rcap(λ)
and then the maxima of the Tcap(λ)/Rcap(λ) ratio (as described in Section 1.3)
[18, 19, 29]. The advantage of finding the wavelength positions of the narrow
peaks of the ratio signal was, however, at the expenses of a more complex instru-
mental setup. In this new work, by adding a few optical components to the instru-
mental configuration previously demonstrated for the spectral amplitude detection
of resonances, we have achieved phase-sensitive detection of the wavelength po-
sitions of the resonances and thus of the fluid RI. The main advantage of the in-
terferometric method over the spectral amplitude readout consists in measuring
the wavelength position of narrow and well-defined maxima of the cosine signal
derivative, instead of broad minima of the capillary reflection spectrum. More-
over, minima are more sensitive than maxima to amplitude oscillations due to the
detection of noise or fluctuations in the source-emitted power that could even be
wavelength dependent. Therefore, the interferometric method is less affected by
all these spurious fluctuations. Furthermore, even if the sensitivity is comparable
for both detection techniques, because it is an intrinsic feature of the transduction
method based on resonance shift, the spectral phase technique could provide bet-
ter performances. Indeed, in the neighborhood of a resonance, we can define a
responsivity parameter P for both measurement methods given, for phase inter-
ferometric readout, by Pinterferometric = ∆cos[ϕtot(λ)]/∆n = S · ∆cos[ϕtot(λ)]/∆λ
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and, for spectral amplitude readout, by Pspectral = ∆Icap/∆n = S ·∆Icap(λ)/∆λ. As
is evident, Pinterferometric is much higher than Pspectral. Finally, it is also underlined
in the literature that the performance is better when using phase-sensitive detection
[40].

Future work could be devoted to the investigation of a more compact instru-
mental setup that does not require the use of the OSA. By sweeping the emission
wavelength of a semiconductor laser across an optical resonance and simultane-
ously introducing a higher frequency amplitude modulation, phase detection of the
resonance shift induced by small refractive index variations could be carried out
with a photodiode outside the base-band. Moreover, since the proposed sensing
platform allows to perform safe and non-invasive analyses, it could be exploited
also for the measurement of biological samples.



Chapter 2

Near infared absorption
spectroscopy in rectangular glass
micro-capillaries with selectable
pathlength for alcohol-water
mixtures detection

In this Chapter, I introduce another micro-opto-fluidic platform based on rect-
angular glass micro-capillaries with the selectable pathlenght for NIR absorption
spectroscopic analysis of fluids. First, the goal of the work and the features of the
absorption spectroscopy technique are presented. Then, a brief description of the
state of the art is given. The theoretical model used to simulate the features of
the platform and the instrumental configuration used for experimental measure-
ments are described. Afterwards, spectral results (both theoretical and experimen-
tal) are presented. Then, the analysis on responsivity and sensitivity parameters
is illustrated. Eventually, two real-life sensing applications for quality control of
alcohol-based fluids are proposed and investigated.

2.1 Goal of the work

The Michelson scheme and the sophisticated spectral phase detection method pre-
sented in Chapter 1 allow to recover the real part of the RI of fluids inside the cap-
illary with high sensitivity. However, this kind of measurement is non specific:
indeed, if a solution contains many compounds, the same variation of RI can be
due to various combinations of fluids. On the other hand, the absorption spec-
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trum, which is related to the imaginary part of the RI, is a “fingerprint” of every
molecule. For this reason, I haveworked on the development of another innovative
micro-opto-configuration for the measurement of the NIR absorption spectrum of
sub-microliter quantities of liquid substances, again flowing in rectangular glass
micro-capillaries (presented in Section 1.1), but with different geometrical dimen-
sions and provided with integrated reflectors to guide light inside the channel,
obtained by coating the glass walls with ultra-thin Aluminum layers. In this way,
it is possible to guide radiation inside the capillary channel to increase the interac-
tion length with the sample. In particular, the length of integrated mirrors can be
tailored in order to adjust the lightpath according to the requirements desired. The
micro-opto-fluidic platform was in particular exploited for specif measurements
of water in mixtures of alcohols and water and, afterwards, for quality control of
hand sanitizer gels and beverages for dietary use. The results of this work were
published on international journals with referees [41, 42] and presented at interna-
tional conference [43, 44].

2.2 Hints of absorption spectroscopy

Spectroscopy is the study of the interaction between matter and electromagnetic
radiation as a function of the wavelength or frequency of the radiation [45, 46]. In
particular, optical absorption spectroscopy measures the absorption of radiation in
the ultra violet-visible-infrared region, as a function of frequency or wavelength,
due to its interaction with a sample [47, 48, 49]. The fraction of radiation that is
transmitted (and thus not absorbed) through a sample depends on the characteris-
tics of the medium and the wavelength through the Beer-Lambert formula [50]

Tabs(λ) = e−α(λ)·x (2.1)

where λ is the wavelength, x is the path travelled by light in the sample. α(λ) is
the so-called absorption coefficient that can be expressed as

α(λ) =
4 · π · kabs(λ)

λ
(2.2)

where kabs is the imaginary part of the RI of the medium. Moreover, the transmit-
tance Tabs is related to the absorbance A through the formula

A(λ) = Log
[

1

Tabs(λ)

]
= −Log[Tabs(λ)] (2.3)
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where Log indicates the base-10 logarithm. The behavior of kabs as a function of
the wavelength is a characteristic fingerprint of every molecule. Indeed, differ-
ent molecules exhibit a different absorption spectrum. In particular, Figure 2.1
reports the spectral behaviour in the NIR region of the RI imaginary part kabs of
water and three alcohols (ethanol, isopropanol and ethylene glycol) that have been
investigated in this work. The four fluids present absorption peaks at different
wavelengths and with different amplitude. Data have been taken from the litera-
ture [51, 52, 53]. In particular, water absorbs more than alcohols around 1450 nm
and the shape of Tabs(λ) for a mixture depends on its concentration on the sample.
Hence, NIR absorption spectroscopy is a powerful technique used to identify the
composition of alcoholic mixtures. Indeed, it is accessible, robust, versatile, non
destructive and it does not require pre-treatment of the sample [54].

Figure 2.1: Lineshape of the the RI imaginary part kabs as a function of the wavelength for water
(light-blue trace), ethanol (pink trace), isopropanol (green trace) and ethylene glycol (orange trace).

2.3 Existing approaches from the literature

Several solutions for absorption spectroscopy based on waveguides, optrodes or
resonators are reported in the literature. For example, in [55], Puyol et al. designed
an integrated waveguide absorbance optrode membrane that acts as sensing ele-
ment and light guiding medium at the same time. The resulting optrode aims at
coupling the technological developments achieved by the communication indus-
try in passive and active components for light transmission with the advantages of
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conventional spectroscopic techniques. Light emitted at 670 nm by an LED propa-
gates through the membrane that changes its absorption spectrumwhile interacting
with the analyte. In [56], the authors proposed a PDMS microfluidic channel with
a spiral geometry waveguide constituted of a photosensitive polymer core. Radi-
ation emitted at 650 nm by a laser diode is coupled in the waveguide by means of
an optical fiber. A power meter is used for absorbance measurements on fluids.
In [57], the authors realized a miniaturized disposable polymer waveguide with
sensing film and multiple reflections for absorption-based chemical sensing. An
LED and a photodiode are used. Hu et al. demonstrated the first micro-fluidic
device monolithically integrated with planar chalcogenide waveguides on a sili-
con substrate for N-methylaniline detection exploiting the absorption fingerprint
of the N-H bond near 1496 nm [58]. In [59], the authors presented a miniatur-
ized spectrometer with elastomeric micro-channels for absorption and fluorescent
spectroscopy. In [60], a compact low-cost photometer based on stainless steel cap-
illaries was developed for ultra-sensitive absorbance detection. The optical-path
can be greatly enhanced because the light scattered by the sidewall can be confined
inside the capillary regardless of the incident-angle.The absorbance measurements
were performed using an LED emitting at 505 nm and a photodiode.

Other solutions based on absorption spectroscopy for analysis of fluids re-
ported in the literature rely on the use of round-section glass or quartz capillaries.
For example Wei et al. used Pyrex glass capillaries of one meter in length in dif-
ferent configurations (straight, coiled) with laser and lamps to perform sensitive
measurement of absorbance [61]. NIR spectrophotometry for the analysis of alco-
holic solution in circular PDMS capillaries is proposed in [62]: the determination
of ethanol in a liquor sample contained in a capillary with a six-port valve was
demonstrated. Absorbance is monitored by measuring the transmitted intensity
through the sample the wavelengths of 2305 nm and 2636 nm, the first correspond-
ing to a strong absorption band of ethanol. A multi-reflection flow cell suitable
for flow analysis is described in [63]. Light from an LED is directed through an
optical fibre into a silver coated glass capillary through a sidewall aperture, and
emerges through a similar aperture 10 mm along the capillary after undergoing an
estimated 19 reflections. The capillary has a length of 10 mm and a diameter of
0.80 mm This process provides a sensitivity enhancement of approximately 2.5
compared with a conventional cell of the same nominal path length. Absorbance
measurements are carried out using a 652-nm-LED for application to the determi-
nation of reactive phosphorus in estuarine waters with wide variation in salinity. In
[64], the same authors proposed a total internal reflection flow-through cell based
on a 6-cm-long circular quartz capillary. Quartz optical fibres were used to in-
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troduce light and to collect emergent light. A red LED was used as light source,
and the absorbance was measured with a CCD (Charge-Coupled Device) detec-
tor. The system was exploited for determination of reactive phosphorus in marine
water. In [65], a silica capillary was used as a waveguide. Light from a LED
is coupled in the capillary through a fiber and it absorbed by the medium in the
channel according to Beer-Lambert law.

The literature also reports some works based on absorption spectroscopy in
various types of fluidic channels for solvents identification and recognition of
water-based fluids. These specific topics are attracting a wide interest for sev-
eral applications, from pharmaceutics to biofuel to food and beverage industry. In
[66, 67], an imaging method for simultaneous detection of temperature and con-
centration of water-ethanol mixtures and other alcohols in PDMS channel was
reported. Absorbance images at two wavelengths (1905 nm and 1935 nm) were
acquired with a NIR camera. Gomez et al. proposed an integrated fiber-optic sen-
sor that uses incoherent broadband cavity enhanced absorption spectroscopy for
sensitive detection of aqueous samples in nanoliter volumes [68]. NIR absorption
is measured in a 100 µm gap between the ends of two short segments of multi-
mode fiber The other ends of the fibers were coated with dielectric mirrors to form
a 9.5 cm optical resonator. Light from a fiber-coupled SLED is directly coupled
into one end of the cavity, and transmission was measured using a fiber-coupled
photodiode. In [69], Neil et al. reported a broadband cavity-enhanced absorption
spectroscopy to record in real-time the absorption spectrum of microliter volume
aqueous phase droplets within a micro-fluidic chip assembly. Channels of width
1 mm and depth 320 μm were fabricated in ultraviolet-curing optical adhesive,
sandwiched between two microscope cover slides. In [70], the authors used a
coiled fiber-optic sensor and an infrared source to determine the low-level water
content in ethanol conducting absorption measurements. Tantawi et al. realized
a glass micro-cuvette and measured the full absorption spectrum of liquid ethanol
in the NIR region from 300 to 2900 nm [71]. The configuration allows in-plane
transmission measurements.

Although many interesting solutions are reported in the literature for NIR ab-
sorption measurements in micro-fluidic devices, there is still the need for improve-
ments. Indeed many platforms rely of fluidic channels that need to be custom
realized with complex and expensive micromachining technologies. Moreover,
often they are not suitable for in-flow measurements. Last, when using circular
waveguides or capillaries, substantial light loss can occur due to scattering in the
walls.
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2.4 Theoretical model

A detailed theoretical model was developed in MATLAB enviroment to describe
light travelling inside the micro-capillary and predict the sensor spectral response
to different samples. The path followed by light in the micro-capillary and all the
important geometrical parameter are depicted in Figure 2.2.
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Figure 2.2: Schematic representation of the path travelled by the light in the micro-capillary. In
this scheme, a number of bounces N = 3 is considered. The incident beam can be moved along
the surface of the capillary in order to make light bounce once on the bottom reflector or multiple
times, exploiting the presence of the top reflector.

The geometrical ray optics approximation was applied to study the path followed
by the light inside the micro-capillary since its dimensions are much larger than
the considered wavelength values. The model was developed by considering the
micro-capillary as a multi-layer structure composed of three layers with finite
thickness (upper glass wall, channel and bottom glass wall) inserted between two
infinite media (either air/aluminum or aluminum/aluminum). The presence of the
top aluminum layer was considered for modelling the multiple bounce configu-
ration. The thickness of the reflector was considered infinite, providing specular
reflectivity with a coefficient for the powerRmet ≈ 0.99. The aluminum layers were
deposited on the glass using standard industrial method. As reported in the liter-
ature [72], even for high deposition rates the roughness height of the metal layer
is of the order of a few nm, thus much shorter than the wavelength and the total
path travelled by light in the capillary channel, in both cases of single and multiple
bounce configuration. Hence, in the model it was possible to neglect scattering
effects due to residual roughness. The refractive index of air n1 was considered
equal to 1 and hence constant for every wavelength, while for the refractive index
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of glass n2, assumed to be purely real, its dispersion relation was included. The
refractive index of the sample filling the channel was modeled as

n3(λ) = n′(λ)− i · kabs(λ) (2.4)

where n′(λ) is the real part, λ is the wavelength, i is the imaginary unit and kabs(λ)
is the imaginary part. The behaviour of kabs as a function of the wavelength de-
termines the absorption properties of each molecule, which are a unique charac-
teristic of every substance. In this way, the absorption features of the fluid can be
accounted for. When the light beam crosses the separation surface between two
different media, it is deflected according to Snell law:

nj · sin θj = nl · sin θl (2.5)

where the subscripts j and l indicate the origin and destination media, respectively,
nj and nl refer to the real part of the refractive indices and θj and θl are the angle of
incidence and the angle of transmission, respectively. Moreover, at each interface,
the electric field is partially transmitted and partially reflected. Here, we are inter-
ested only in the transmission coefficients that can be calculated with the Fresnel
relations. For an incidence angle of 35°, the coefficients for the s-polarized and
the p-polarized field are significantly different. Moreover, since in the experimen-
tal setup the beam travels in a multimode fiber and no control of the polarization
is applied, it can be supposed that the radiation is equally distributed between the
two polarizations. The transmission coefficient for the field with s-polarization is
given by

ts,jl =
2 · nj · cos θj

nj · cos θj + nl · cos θl
(2.6)

while the transmission coefficient for the p-polarized field is calculated as

tp,jl =
2 · nj · cos θj

nl · cos θj + nj · cos θl
(2.7)

Then, the overall field transmission coefficient tjm is retrieved computing the
mathematical average between ts,jl and tp,jl:

tjl =
ts,jl + tp,jl

2
(2.8)

From the overall field transmission coefficient, the power transmission coefficient
at each interface is obtained by applying the formula:
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Tjl =
nl · cos θl
nj · cos θj

· |tjl|2 (2.9)

Every time the beam crosses the channel containing the sample, it travels along a
distance f equal to

f =
d

cos θ3
(2.10)

Because of the presence of the topmetallization, the beammakesN bounces inside
the micro-channel and the total geometrical path F is given by

F = 2 · f ·N =
2 ·N · d
cos θ3

(2.11)

N can be geometrically found by computing

N = CEIL(Lmet/p) (2.12)

where p is the distance travelled by the light along the x-direction at each bounce in
the structure and CEIL is the MATLAB function that returns the smallest integer
value that is bigger than or equal to Lmet/p. In the single bounce configuration,
N = 1. As explained in Section 2.2, the overall attenuation Tabs(λ) due to fluid
absorption can be calculated by applying the Lambert-Beer formula, considering
the total lighpath F travelled in channel

Tabs(λ) = e−α(λ)·F (2.13)

To simulate the absorption effect of mixtures of two pure substances and its de-
pendence on concentration, the law of additivity of the absorbance has to be con-
sidered:

Amixture(λ) = AI(λ) · CI + AII(λ) · CII (2.14)

where AI(λ) and AII(λ) are the absorbances of the two substances and CI and CII

are the corresponding fractional volume concentration. The transmittance for the
mixture Tabs mixtures can be retrieved as

Tabs(λ) = Tabs mixture(λ) =
1

10Amixture(λ)
(2.15)

For the mixtures, also the real part of the RI is modified according to the formula
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nmixture(λ) = nI(λ) · CI + nII(λ) · CII (2.16)

where nI and nII are the RI real part of the fluids, supposing no interaction at
molecular level. Eventually, the spectral behavior of the output light Pout sample(λ)

is found by multiplying all the contributions of transmission. In particular, the
spectral transmittance is given by

Tsample(λ) =
Pout sample(λ)

Pin(λ)
= T12 ·TN

23 ·TN
34 ·TN

43 ·TN
32 ·T21 ·R2N−1

met ·Tabs(λ) (2.17)

where Pin(λ) is the optical power that enters the capillary, in the model consid-
ered a constant as a function of the wavelength. The same computation has to be
done also when the micro-capillary is empty, considering air as medium filling the
channel. In this case, no attenuation due to absorption is considered. Hence, the
transmittance for the empty capillary is

Tair(λ) =
Pout air(λ)

Pin(λ)
= T12 · TN

23 · TN
34 · TN

43 · TN
32 · T21 ·R2N−1

met (2.18)

Moreover, in order to compare the analytical simulations with the experimental
results, for the single bounce configuration the spectral response was defined as

spectral response (λ) =
Tsample(λ)

Tair(λ)
=

Pout sample(λ)

Pout air(λ)
(2.19)

2.5 Experimental configuration

A micro-opto-fluidic instrumental configuration was designed to carry out exper-
imental measurements. A schematic representation of the experimental configu-
ration is reported in Figure 2.3(a).
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Figure 2.3: Micro-opto-fluidic configuration and rectangular glass micro-capillary. (a) Schematic
representation of the instrumental setup for experimental measurements. The incident beam can be
moved along the capillary surface to make it bounce once on the bottom reflecting layer or multiple
times, exploiting the guiding effect provided by the top reflecting layer. OSA: Optical Spectrum
Analyzer. (b) Picture of the aluminum-coated micro-capillary in comparison with a 20-cent coin:
the bottom and top metallizations are clearly recognizable.

Glass micro-capillaries with rectangular section purchased from VitroCom (NJ,
USA) and already described in detail in Section 1.1 are the core elements of the
instrumental setup. The micro-capillaries investigated in this work have nominal
thickness of the glass walls tf = tb = 280 μm and nominal inner channel depth d =
400 μm. Moreover, they have widthW = 4 mm and length L = 5 cm. Tolerances
reported by the manufacturer are 10% for the channel depth and 20% for the wall
thickness. The capillary is laid horizontally onto a metallic support to ensure its
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stability and improve its rigidity. The external side of the capillary bottom wall
is fully coated with a 50-nm-thick aluminum layer, while on the upper external
wall a layer with same thickness but length Lmet = 4 mm or 5 mm is deposited.
The aluminum depositions, realized in high vacuum environment, were performed
by VAQUARZ (Italy). In a previous version of the work, only a bulk aluminum
mirror was used in place of the bottom metallization [41]. Here, the deposition of
thin metallic layer allows to obtain an integrated and more compact micro-fluidic
device. A picture of a micro-capillaries with metallizations is shown in Figure
2.3(b). Both tips of the capillary are inserted in heat-shrink tubes provided with
luer connections to fill and drain the channel with the aid of manual syringes or
of a programmable syringe pump (NE-100 MUlti-Phaser, NH, USA). The sam-
ple volume required for the measurement is of the order of 18 μL. Light from a
tungsten lamp (Agilent, CA, USA) with an average spectral power density of 4
nW/10 nm (Figure 2.4) is coupled into a multimode fiber cable (50 μm/125 μm
core/cladding diameter) and shone onto the surface of the micro-capillary under
test at an angle of approximately 35° using a pigtailed lens (LPF-04-1550-50/125-
QM-6-26-3.9AS-3S-30-1, OzOptics, Canada). The lens generates a light spot of
unpolarized light with a diameter of 300 μm at a working distance of 26 mm. The
incident beam can be moved along the micro-capillary surface in order to make the
light bounce once on the bottom metallization in the single bounce configuration
or bounce multiple times, exploiting the zig-zag guiding effect provided by the top
and bottom reflecting layers in the multiple bounce configuration. The output light
is collected by another multimode pigtailed lens identical to the input one and it is
directed toward the monochromator input of an optical spectrum analyzer (OSA
Agilent 86142B, CA, USA) connected to a laptop for data acquisition via a dedi-
cated LabVIEW interface. Spectra are acquired in the wavelength range 1.0–1.7
μm with a resolution bandwidth RB = 10 nm. Signal processing is performed in
MATLAB environment.
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Figure 2.4: Emission spectrum of the tungsten lamp in the considered wavelength range.

2.6 Spectral results

The micro-opto-fluidic configuration presented in Section 2.5 was exploited to
test mixtures of alcohols and water and mixtures of different types of alcoholic
fluids. First, a full spectral analysis was carried out by by testing samples con-
taining different concentrations of water and alcohols and analyzing the spectrum
of the output light reflected from the micro-capillary. Then, the experimental re-
sults were compared with those theoretical obtained by performing simulations
on micro-capillaries filled with the liquids. The following two Sections, Section
2.6.1 and Section 2.6.2, report the spectral results regarding the single andmultiple
bounce configuration, respectively.

2.6.1 Results obtained with the single bounce configuration

Experimental measurements were carried out first exploiting the single bounce
configuration (N = 1) and testing solutions containing an alcohol, as main compo-
nent, and deionized water, as polluting substance, present in high concentrations.
Fluids were flown in the micro-capillary channel and then measurements were car-
ried out in static conditions. First, mixtures of ethanol and deionized water were
tested (Figure 2.5). The ethanol used for these experiments is a food-grade ethyl
alcohol with agricultural origin (Dilmoor S.p.A., Italy), that contains 96% of al-
cohol in volume and 4% of water: the exact content of ethanol and water were
calculated and taken into account in the theoretical simulations carried out to be
compared with the experimental results. Figure 2.5(a) shows then experimental
transmitted power output spectra Pout(λ) collected by testing solutions of water
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diluted in ethanol in volume concentrations equal to 4% (dark-green trace), 8.8%
(blue trace), 13.6% (thick red trace), 18.4% (light-green trace), 23.2% (pink trace),
52% (orange trace), 71.2% (dark-red trace) and 100% (light-blue trace). The black
trace is the spectrum of the output radiation collected with the empty capillary (i.e.
channel filled with air). It is possible to observe that the transmission dip at 1450
nm, where the absorption band of water due to OH- ions is located, becomes deeper
for increasing concentrations of water. In general, this absorption band of water
is not exploited for sensing purposes, due to its weakness but it turned out to be
very interesting to exploit optical sources and detector that were traditionally de-
veloped for telecomunication applications. For the single bounce configuration,
the experimental spectral response, as defined by Equation 2.19, was calculated
for every sample by normalizing each spectrum to that obtained with the empty
micro-capillary; then, it was compared with the theoretical spectral response. The
experimental spectral responses turned out to be in agreement with the theoretical
simulations obtained considering amicro-capillary with channel depth d = 440 μm,
as reported in Figure 2.5(b). Indeed as explained in Section 1.1, the manufacturer
reports a tolerance of ±10% for the channel depth and thus the actual dimension
could be different from the nominal one.
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Figure 2.5: Spectral results for ethanol-water mixtures tested in the single bounce configuration (N
= 1). (a) Experimental power spectra. For increasing concentrations of water, the minimum around
1450 nm becomes deeper. (b) Comparison between theoretical (dotted traces) and experimental
(solid traces) spectral responses.

To further validate the operation of themicro-opto-fluidic platform, the theoret-
ical and experimental analyses were repeated considering mixtures of isopropanol,
(RS Components, United Kindom) as main component, and deionized water, as
polluting substance present in high concentrations (Figure 2.6). Figure 2.6(a) re-
ports the power spectra of Pout(λ) obtained testing sample with a water content
of 0% (pure isopropanol, blue trace), 10% (pink trace), 20% (red trace), 50% (or-
ange trace), 70% (green trace) and 100% (light-blue trace). It is possible to ob-
serve that the spectral minimum located around 1450 nm, due to the presence of
water, becomes deeper for increasing concentration of water. This observation
is in agreement with the results obtained by testing water-ethanol dilutions and
proves that analysis of the spectral results around 1450 nm is specific for measur-
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ing the concentration of water, regardless the other substances that are contained in
the mixture. Figure 2.6(b) shows the comparison between the experimental (solid
traces) spectral responses and the theoretical ones (dotted traces), obtained simu-
lating the effect of a channel depth d = 440 μm. The high level of agreement is a
further confirmation of the correctness of the model implemented.

(a)

(b)

theory

experiment

Figure 2.6: Spectral results for isopropanol-water mixtures tested in the single bounce configura-
tion (N = 1). (a) Experimental power spectra. For increasing concentrations of water, the minimum
around 1450 nm becomes deeper. (b) Comparison between theoretical (dotted traces) and experi-
mental (solid traces) spectral responses.

2.6.2 Results obtained with the multiple bounce configuration

The single bounce configuration is suitable for the analysis of solutions with high
water content. However, to detect also the presence of very small quantities of wa-
ter with higher sensitivity, it is necessary to increase the interaction length between
the light and the sample: hence, the multiple bounce configuration was exploited
to measure mixtures with a difference in concentration of substances smaller than
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1%. First, a micro-capillary with Lmet = 5 mmwas used to test ethanol-water mix-
tures. With such a length of the front metallization, the theoretical model allowed
to estimate a number of bounces N = 7. Figure 2.7(a) reports the power spectra
Pout(λ) obtained for water in ethanol in concentration of 4% (black trace), 4.96%
(blue trace), 5.92% (pink trace), 6.88% (green trace), 7.84% (light-blue trace),
8.8% (purple trace), 13.6% (thick red trace), 18.4% (yellow trace) and 23.2% (or-
ange trace). Exploiting this configuration, the effect of water absorption around
1450 nm is strongly enhanced thanks to the longer lightpath. Moreover, also the
absorption band of ethanol centered at 1185 nm is here clearly recognizable. Figure
2.7(b) shows the comparison between the output power spectrum obtained testing
a sample with a concentration of water equal to 13.6%, in the single and multiple
bounce configuration, respectively. It is possible to note how the spectral shape
of the absorption profile can be detected with a greater level of detail exploiting
the multiple bounce configuration, thanks to the longer lightpath. In the case of
multiple bounce configuration, the spectral response was not computed: indeed,
it would be meaningless since the number of bounces that the light undergoes in
the micro-capillary containing the sample is different from that in air (i.e., with
the empty channel) due to their huge RI difference. To compare experimental and
theoretical results, Figure 2.7(c) reports the transmittance Tsample(λ), as defined
by Equation 2.17, for a sample with 4.96% concentration of water in ethanol. The
blue trace is the theoretical Tsample(λ), while the orange trace is the experimental
one. In the multiple bounce configuration, the ray tracing model neglects addi-
tional losses due to the non-ideal guiding properties of the capillary channel that
have an impact on the experimental results. In practice, guided propagation of the
beam (due to multiple reflections) occurs only in the vertical plane (orthogonal to
the wide flat surfaces of the capillary) whereas no guiding is ensured in the hori-
zontal plane. This discrepancy between the model and the experimental situation
has an almost negligible impact for the single bounce configuration, but in the case
of multiple bounces real losses become much larger. Thus, the theoretical results
are based on a model that neglects losses that are not due to fluid absorption or
to partial transmission/reflection at the interface. Although this assumption does
not hold in the experimental conditions, additional losses are observed as almost
constant with the wavelength for λ > 1350 nm.
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(a)

(b)

(c)

Figure 2.7: Spectral results for ethanol-water mixtures tested in the multiple bounce configuration,
with N = 7. (a) Experimental power spectra obtained by testing water-ethanol dilutions with a
difference in concentration lower than 1%. (b) Comparison between spectra related to the same
sample tested in the single bounce (blue trace) and multiple bounce (red trace) configuration. (c)
Comparison between theoretical (blue trace) and experimental (orange trace) Tsample(λ) for a so-
lution containing the 4% of water.



2. Near infared absorption spectroscopy in rectangular glass micro-capillaries with
selectable pathlength for alcohol-water mixtures detection 64

The same micro-capillary with Lmet = 5 mm leading to N = 7 was exploited
in the multiple bounce configuration also to detect low concentrations of water
in isopropanol-water mixtures (Figure 2.8). Figure 2.8(a) reports the power spec-
tra Pout(λ) for samples with a concentration of water equal to 0% (isopropanol,
black trace), 1% (light-blue trace), 2% (red trace), 3% (light-green trace), 4% (pink
trace), 5% (blue trace), 10% (yellow trace), 15% (purple trace), 20% (orange trace)
and 25% (green trace). As already underlined when testing ethanol-water mix-
tures, the effect of water absorption around 1450 nm is strongly enhanced thanks
to the extension of interaction length between light and sample. Furthermore, also
the absorption band of the alcohol around at 1185 nm becomes here clearly recog-
nizable. Figure 2.8(b) reports the comparison between the theoretical (blue trace)
and experimental (orange trace) Tsample(λ) for a mixture of isopropanol and water
containing the 1% of water. Also in this case, the spectral shapes are in agree-
ment but the values of Tsample(λ) are different because of the additional losses,
which have an impact when considering the multiple bounce configuration, but
are neglected in the theoretical model.



2. Near infared absorption spectroscopy in rectangular glass micro-capillaries with
selectable pathlength for alcohol-water mixtures detection 65

(a)

(b)

Figure 2.8: Spectral results for isopropanol-water mixtures tested in the multiple bounce configu-
ration, withN = 7. (a) Experimental power spectra obtained by testing samples with a difference in
concentration down to 1%. (b) Theoretical (blue trace) and experimental (orange trace) Tsample(λ)

for a solution containing the 1% of water.

Eventually, experimental measurements with the multiple bounce configura-
tion (Lmet = 5 mm and N = 7) were carried out considering mixtures of two alco-
hols: isopropanol and ethylene glycol (Figure 2.9). Ethylene glycol is a diol, well
known for applications in various fields, such as an antifreeze and coolant in auto-
mobiles, a raw material in the manufacture of polyester fibers and an ingredients
in detergents and cosmetics [73, 74]. Moreover, if ingested, this compound can be
toxic and led to poisoning [75], hence its correct identification is a particular inter-
esting issue. Ethylene glycol presents a lower absorption with respect to water (see
Figure 2.1), thus it was possible to detect higher concentrations of this substance
mixed with isopropanol. The experimental spectrum of the output light Pout(λ) is
reported in Figure 2.9(a) for mixtures with a concentration of ethylene glycol equal
to 0% (isopropanol, black trace), 5% (blue trace), 10% (red trace), 20% (orange
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trace), 30% (green trace), 50% (pink trace), 70% (grey trace) and 100% (light-
blue trace). When the concentration of ethylene glycol increases, the absorption
peak at 1185 nm (due to isopropanol) disappears and the absorption peak at 1210
nm (related to ethylene glycol) appears. Moreover, the double absorption band
between 1450 nm and 1600 nm becomes more evident. Figure 2.9(b) reports the
comparison between the theoretical (blue trace) and experimental (orange trace)
Tsample(λ) for a sample containing the 5% of ethylene glycol. Also in this case,
the spectral shapes are in a quite good agreement but the values of Tsample(λ) are
different because of the additional losses that have an impact when considering
the multiple bounce configuration but are neglected in the theoretical model.

(a)

(b)

Figure 2.9: Spectral results for isopropanol-ethylene glycol mixtures tested in the multiple bounce
configuration, with N = 7. (a) Experimental power spectra obtained by testing samples with dif-
ference concentrations. (b) Theoretical (blue trace) and experimental (orange trace) Tsample(λ) for
a solution containing 95% of isopropanol and 5% of ethylene glycol.
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2.7 Responsivity and sensitivity results

Further analyses were carried out to extract some sensor parameter that are inde-
pendent from the power (Figure 2.10). Indeed, when designing an optical sensor
based on amplitude measurements, a reliable response parameter, or responsiv-
ity, is the ratio of the output signal collected at two wavelengths, to compensate
for spurious amplitude fluctuations that could arise during the measurement but
are not induced by the variation of the parameter under test. For this reason, the
responsivity was defined as

ρ = log10
[
Tsample(λ = 1450 nm)

Tsample(λ = 1300 nm)

]
(2.20)

where Tsample(λ = 1450 nm) and Tsample(λ = 1300 nm) indicate the average
values calculated over a range of 101 data points (corresponding to a 10-nm-
bandwidth) around the wavelength of 1450 nm and 1300 nm, respectively. The
wavelength of 1450 nm corresponds to the center wavelength of the water ab-
sorption band in this region, whereas the wavelength of 1300 nm was chosen as
a reference since water and ethanol are only weakly absorbing at that wavelength
value. Hence, the responsivity, as defined by Equation 2.20, is a specific parameter
for water detection. ρ was calculated for all water-ethanol mixtures investigated
(considering both experimental and theoretical spectra) and then linearly fitted as
a function of the water concentrationC in the solution (expressed in % of volume).
Thus, the theoretical and experimental calibration curves were retrieved. They are
reported in Figure 2.10(a) for the single bounce configuration (N = 1) and for the
multiple bounce configuration (N = 5 and N = 7). Results for N = 5 were ob-
tained testing another micro-capillary coated with a top metallization with Lmet =
4 mm. The theoretical values of ρ and of its linear fitting are in good agreement
with the experimental results, proving that the number of bounces calculated with
the theoretical model matches the actual one. Moreover, the sensitivity S, which
corresponds to the slope of the fitting curves, was defined as

S =
∆ρ

∆C
(2.21)

It was verified that it is approximately directly proportional to the number of
bounces. In particular, we found that the experimental sensitivity for N = 1, 5
and 7 is equal to -0.010, -0.049 and -0.069 %−1, respectively, very well matching
the theoretical values (-0.010, -0.050 and -0.070 %−1, respectively). Moreover,
the LoD values (defined as LOD = 3σ/S, where σ is the standard deviation on
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data) were found equal to 3.03% for N = 1, 0.73% for N = 5 and 0.29% for N =
7. It can be observed that the LoD decreases (thus improving) when N increases.
The computation of responsivity and sensitivity parameters was repeated also for
the experimental and theoretical spectra related to isopropanol-ethanol mixtures.
Results are shown in Figure 2.10(b) for the single bounce configuration (N = 1)
and for the multiple bounce configuration with N = 7. The experimental values
of sensitivity are in agreement with the predicted theoretical values (reported in
the Figure). Again, a direct proportionality between the number of bouncesN and
the sensitivity S is observed. Indeed, for N = 1, experimental S = -0.010 %−1

and theoretical S = -0.011 %−1; for N = 7, experimental S = -0.074 %−1 and
theoretical S = -0.071 %−1. Moreover, the LoDs were found equal to 3.19% for
N = 1 and 0.50% for N = 7. In the case of multiple bounce configuration, the
LoD correctly appears reduced of a factor N = 7.
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(a)

(b)

S = -0.069 %-1 R2 = 0.989 

S = -0.049 %-1 R2 = 0.994 

S = -0.010 %-1 R2 = 0.999 
S = -0.010 %-1

S = -0.050 %-1

S = -0.070 %-1

S = -0.074 %-1 R2 = 0.995 

S = -0.011 %-1 R2 = 0.999 
S = -0.010 %-1

S = -0.071 %-1

ethanol-water mixtures

isopropanol-water mixtures

Figure 2.10: Responsivity and sensitivity results. (a) Experimental and theoretical ρ data points
for single bounce (N = 1, circles) and multiple bounce (N = 5, squares, and N = 7, diamonds)
configuration, obtained testing ethanol-water mixtures. Red and black lines: linear fitting curves
as a function of the water content. (b) Experimental and theoretical ρ data points for single bounce
(N = 1, circles) and multiple bounce (N = 7, squares) configuration, obtained testing isopropanol-
water mixtures. Red and black lines: linear fitting curves as a function of the water content.

All the experiments described so far were carried out with fluids in static con-
ditions inside the micro-channel. In order to verify if the proposed readout method
could be applied also to more complex fluidic circuits where the fluid is in motion
inside the channel and thus if the flow rate had an impact on the performances of
the sensing method, the responsivity analysis on water was repeated in dynamic
conditions. Hence, a programmable syringe pump was used to infuse water in
the micro-capillary with different flow rates (0, 100, 200, 300, 400, 500 and 600
ml/h). These values correspond to velocity of fluid of 0, 15, 30, 45, 60, 75 and
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90 mm/s. The single bounce configuration was exploited. The ρ parameter as a
function of the fluid velocity is reported in Figure 2.11: its value, with an average
value around -1.2, is not significantly affected by the increasing flow velocity of
the sample.

0 100    200   300        400         500        600

Flow rate (ml/h)

Figure 2.11: In-flow measurements: ρ parameter calculated considering water filling the micro-
capillary in stationary conditions and non-stationary conditions.

2.8 Real-life sensing applications

After preliminary testing to prove its principle of operation, the proposed micro-
opto-fluidic platformwas exploited for real-life sensing applications. In particular,
it was used for quality control of commercial hand sanitizer gels and and alcoholic
beverages.

2.8.1 Quality control of hand sanitizer gels based on ethanol

Since the research activity described in this Chapter was carried out during the
SARS-CoV-2 (COVID19) pandemic, the micro-opto-fluidic platform was inves-
tigated for quality control of ethanol-based hand sanitizer gels and, in particular,
for the specific measurement of the water content in sanitizer gels. Ethanol-based
hand sanitizer gels contain mainly water and ethanol, but also other excipients
(such as hydrogen peroxide, glycerol, propylene glycol, perfumes and others).
Nevertheless, their concentration is very small with respect to that of ethanol and
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water: hence, by detecting with high specificity the percentage of water, it possible
to obtain also a rough indirect esteem of the ethanol content. This analysis is par-
ticularly important since, at present, alcohol-based handrubs are the only known
means for rapidly and effectively inactivating a wide array of potentially harm-
ful microorganisms on hands [76, 77] and knowing the actual alcohol content is
fundamental in determining the effective antibacterial action of the gel [78]. For
example, the Food and Drug Administration (FDA) recommends a concentration
of 60% to 95% of alcohol to ensure the germicidal efficacy [79]. On the other
hand, the World Health Organization (WHO) reports that alcohol solutions con-
taining 60–80% alcohol are most effective [80]. Moreover, for hand sanitizers, it
recommends a formulation containing 80% of ethanol [81].

The experimental measurements on hand sanitizer gels were carried out ex-
ploiting themicro-capillary withLmet = 4mm in themultiple bounce configuration
(N = 5). Four commercial hand sanitizer gels from different brands were tested.
On the labels, the composition and the percentage of alchol are reported:

• gel 1: ”Gel igienizzante mani” (PARISIENNE ITALIA S.p.A., Italy). In-
gredients: ethanol, water, carbomer, parfum (fragrance), triethanolamine,
propylene glycol, hexyl cinnamal, limonene, linalool, citral, citronellol, geran-
iol. Alcohol content declared: > 60%;

• gel 2: ”Gel mani igienizzante Fresh & Clean” (Sodalis Group, Italy). Ingre-
dients: ethanol, water, glycering, PEG-75 lanolin, propylene glycol, ben-
zyl alcohol, parfum, acrylates/C10-30, alkyl acrylate crosspolimer, PEG-40
hydrogenated castor oil, trydeceth-9, aminomethyl propanol, BHT, citral,
citronellol, geraniol, limonene, linalool. Alcohol content declared: 60%;

• gel 3: ”Gel mani” (Farmacia San Matteo Pharmacy di Pavia, Italy). Com-
position: ethanol, water, excipients. Alcohol content declared: 74.2%;

• gel 4: ”Disinfect Puravir Gel” (PharmaMillenium srl, Italy). Ingredients:
ethanol (CAS 64-17-5) 80g, water and excipients to reach 100 g. Alcohol
content declared: 83.4%.

After experimental measurements of the transmitted power through the micro-
capillary, the parameter Tsample(λ) as a function of the wavelength, defined by
Equation 2.17, was retrieved for every gel: it is reported in Figure 2.12(a) (color
traces, shown in base-10-logarithmic scale), in comparison with the data obtained
by testing some ethanol-water mixtures (black traces). The four gel spectra do
exhibit a minimum at 1450 nm with different amplitude, meaning that the content
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of water is different in the four fluids. Figure 2.12(b) reports the calibration curve
(blue trace), obtained by linear fitting the responsivity parameter ρ as a function
of water content C after testing ethanol-water solutions, with equation

ρ = −0.049 · C − 0.721 (2.22)

The colored dots are the data related to the tested gels: the value of the ρ param-
eter was computed for each gel from the experimental measurements and it was
substituted in Equation 2.22 to retrieve the experimentally measured value of the
water content C.

(a)

(b)

gel 4
gel 3

gel 2 gel 1

Figure 2.12: Quality control of hand sanitizer gels. (a) Spectral Tsample(λ) for ethanol-water mix-
tures (black traces) and gels (colored traces). (b) Responsivity analysis.

Eventually, the concentration of the other excipients, that is never specifically re-
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ported on the labels, can be calculated by subtraction (i.e. subtracting form the
total volume of 100% the volume percentage of alcohol declared by manufactures
and that of water, retrieved through the experimental analysis). Table 2.1 sum-
marizes the results of the quality control analysis and confirms that the alcohol
values reported by the manufacturers could be very close to the actual values. It
was observed that the lowest content of excipients is actually found for the gel
that declares explicitly on the label only alcohol and water as main components
(Disinfect Puravir Gel), whereas the gel with the highest content of excipients is
the product with the higher number of components declared on the label (Gel mani
igienizzante Fresh & Clean). This investigation shows that the composition of the
hand sanitizer gels that are commercially available can be very different and that
the labels are often not completely precise.

Alcohol content Water content C Excipients content
Gel declared on label experimentally measured retrieved by subtraction

(vol/vol %) (vol/vol %) (vol/vol %)
1 > 60 33 < 7
2 60 29.8 10.2
3 74.2 19.3 6.5
4 83.4 15.7 0.9

Table 2.1: Results of quality control on commercial ethanol-based hand sanitizer gels. The alcohol
content is reported on the labels, while the water content C is retrieved by experimental measure-
ments. The concentration of excipients is retrieved by subtraction.

These results are promising and very interesting. Indeed, they demonstrated the
suitability of the micro-opto-fluidic platform for the testing of gels that have dif-
ferent density and viscosity from simple alcohol-water mixtures. Moreover, these
measurements proved the suitability of the proposed readout method for specific
detection of water content in complex fluids containing also several others ingre-
dients.

2.8.2 Quality control of alcoholic beverages

Last, the micro-opto-fluidic platform was exploited for specific measurement of
the water content in Scottish whisky, hence an alcoholic beverage used in the food
industry. The sample analyzed comes from a bottle of whisky (Laphroaig Dis-
tillery, Isle of Islay, United Kindom). It contains water and ethanol; the color is
adjusted by addition of a negligible quantity of caramel. The concentration of al-
cohol declared on the label is equal to 40%. In this situation, because of the high
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water concentration to measure, experimental testing was carried exploiting the
single bounce configuration (N = 1). Results are shown in Figure 2.13. The spec-
tral output power Pout(λ) (Figure 2.13) obtained by testing whisky (black dotted
trace) is reported in comparison with the spectra obtained for some ethanol-water
mixtures (colored traces). The spectrum for whisky is almost perfectly overlapped
to that referring to a ethanol-water mixture containing 40% of water. Eventually
the linear calibration curve with equation

ρ = −0.011 · C − 0.158 (2.23)

was retrieved (Figure 2.13(b)). The experimental value ρ for whisky was retrieved
from experimental measurements and inverting Equation 2.23, the measured value
of water content was found C = 65.6 %. The successful test carried out on com-
mercial whisky proves that the proposed readout method can be applied also to
liquids for dietary purposes since it is a remote, contactless and non-invasive tech-
nique that does not cause adulteration of the samples. Moreover, the liquid flows
in a channel made up of glass that is a non-toxic safe material.
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(a)

(b)

whisky

Figure 2.13: Quality control of Scottish whisky. Spectral Tsample(λ) for ethanol-water mixtures
(colored traces) and whisky (black dotted trace). (b) Responsivity analysis.

2.9 Conclusions and future perspectives

The research presented in this Chapter demonstrated the integration of rectangu-
lar glass micro-capillaries in a micro-opto- fluidic setup for detecting the spectro-
scopic features of water-alcohol mixtures in the near infrared region. The micro-
capillaries were coated with a top and a bottom ultra-thin aluminum layer. This
simple and low-cost technology allows to fabricate smart devices provided with
integrated reflectors, so that they can be exploited to arrange a single or a multiple
bounce configuration: light can bounce once or multiple times inside the capillary
channel to obtain different pathlengths of the light beam in the sample. The di-
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mension of the top metallization can be custom-designed according to the desired
application. The single bounce configuration was employed to test water-ethanol
dilutions with a high content of water; on the other hand, the multiple bounce
scheme was exploited to measure solutions containing a small percentage of water
with higher resolution and allowed to reconstruct the spectral absorption profile
of the samples in more detail. The measurement of solutions containing two dif-
ferent alcohols was also possible. The experimental results were demonstrated to
be in good agreement with the predictions provided by the theoretical model. To
extract a parameter independent from amplitude fluctuations, the responsivity ρ,
defined as the power ratio at two wavelengths, was studied as a function of the wa-
ter content. Moreover, it was observed that the sensitivity S is proportional to the
number of bounces. The platform was also successfully exploited fro two real-life
sensing applications: quality control of hand sanitizer gels and of alcoholic bev-
erages. The proposed readout does not require to insert a probe in the sample, as
it is necessary with optrodes, but sensing can be performed remotely, contactless
and non-invasively along the flow line. The rectangular section capillary could be
exploited as a shunt micro-cuvette, with respect to the main flow-path. Moreover,
input and output beams, on the same side with respect to the micro-channel, do
not interfere with the flow or any fluidic connection.

In the future, a more compact setup can be realized exploiting two LEDs emit-
ting at 1300 nm and 1450 nm and a photodiode (instead of the OSA) for direct
power detection in the two selected bands. A similar configuration was investi-
gated in the Laboratory of ElectroOptics, after the work presented in this Chapter,
for a different application (i.e. urea detection): it is presented in Appendix B.
Moreover, since the proposed sensing method is non-invasive and employs low
power, future work will be devoted also to the analysis of biological fluids and
samples. In particular, since we demonstrated that our readout method is specific
for water detection, it could be applied to verify if a sample has been diluted with
water, for example, to reveal milk adulteration.



Chapter 3

Towards an industrial real-world
application: a smart opto-fluidic
platform for identification of fluids
for artificial nutrition at home

This Chapter is devoted to the detailed presentation and description of the research
activity that was carried out at the Laboratory of ElectroOptics in the framework
of the Digital Smart Fluidic project with the aim of designing and implementing
an opto-fluidic platform to correctly identify mixtures used for artificial parenteral
nutrition at home. The expertise and skills that I acquired in the field of opti-
cal sensing of the physical and chemical properties of fluids allowed to realize a
compact prototype of a smart opto-fluidic device that can be integrated in pumps
for infusion of liquids. First, the features of artificial nutrition and the goals of the
projects are illustrated. The principle of operation of the sensor is described. Then,
a theoretical analysis is carried out in detail. Afterwards, the instrumental config-
uration for preliminary experimental testing is described and the performances of
different fluidic devices are compared. Then, an important Section is devoted to
the presentation of the industrial prototypes that were developed and to the testing
of the mixtures for artificial nutrition. Eventually, preliminary results about the
detection of air bubbles in the fluidic circuit are presented.
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3.1 Artificial nutrition at home and theDigital Smart
Fluidic project

Every human being needs nutrition and hydration to live. When a person cannot
eat or drink anymore or does not get enough nutrients or liquids, because of seri-
ous medical conditions, then nursing and medical procedures are needed to cover
the individual’s vital need for nutrition as well as fulfill these natural requirements
with the purpose of enabling the individual to participate optimally in his/her so-
cial environment. In this framework, the expressions “artificial nutrition” (AN)
and “medical nutrition therapy” are used to indicate the medical techniques and
treatments applied to satisfy the nutritional needs of patients who are, temporarily
or permanently, unable to feed themselves naturally [82]. Even if it is not a med-
ical topic very often discussed, artificial nutrition plays a fundamental role in the
life of a large number of patients affected by different diseases. For example, arti-
ficial nutrition is often administered to patients with inflammatory bowel disease
to treat the deficiency of iron, folic acid, zinc, magnesium, calcium and vitamins
[83]. Moreover, AN is fundamental to oncology patients that suffer from malnu-
trition as a consequence both of the cancer itself and of surgeries and anti-tumor
drugs [84]. Eventually, during the COVID-19 pandemic, for subjects intubated
in the intensive care unit for more than 48 hours, it has been shown that a correct
AN with the supplementation of amino acids helps to lower the hyperinflamma-
tory state and promotes normal physiological recovery [85, 86]. Also, it must be
stressed that AN is highly common among children and teenagers: to them, being
under AN is usually very hard from a psychological point of view since they are
highly concerned about their body image and being accepted by other young peo-
ple [87, 88]. Two main methods to artificially deliver nutrition to patients exist,
according to the path followed inside the body (Figure 3.1). “Enteral nutrition”
refers to the delivery of substances into the gastrointestinal tract using tubes. One
type of tube can be placed through the nose into the stomach or small intestine (na-
sogastric or nasoenteral feeding tube). Other times the tube is placed directly into
the stomach or small intestine through a cut in the skin (gastrostomy or jejunos-
tomy tube). In “parenteral nutrition”, instead, liquid nutrients are infused through
a vein (intravenously) by inserting a central catheter into the superior vena cava
or into an arm vein. In both cases (enteral and parenteral nutrition), the nutrition
mixtures are administered using automated programmable pumps for infusion.
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enteral
nutrition

parenteral nutrition

Figure 3.1: Two main types of artificial nutrition systems exist: parental nutrition, which consists
in delivering nutrients to the body through the veins, and enteral nutrition, where the nutrients are
administered via the gastrointestinal apparatus.

When hospitalization is not strictly necessary, to allow patients to recover in a
more familiar environment, AN nutrition can be administered also at home (“ar-
tificial nutrition at home”). In this situation, a daily control by a qualified nurse
is usually required and the basic steps of managing the nutrition (correct storage
of liquids, cleaning of the tubes, use of the pump) have to be taught to patients.
Hence, there is still a long way to go and many advancements in the AN proce-
dures and instrumentation can be done to improve the life conditions of patients
at their houses. Artificial nutrition at home is a research topics that the Digital
Smart Fluidic (DSF) project focuses on. The DSF project is one of the winners
of the “Research and Innovation Hub” POR FESR 2014-2020 call for tender of
Regione Lombardia, that provides financial support to the of development of new
technologies and facilities on the territory. The project is headed by Fluid-o-Tech,
with the strong collaboration of University of Pavia, Fondazione I.R.C.C.S. Poli-
clinico San Matteo and other companies. The DSF ultimate goal is the creation of
a standardised fluidics platform to develop smart biomedical devices and equip-
ments for hospital and home infusion therapy. The innovation promoted in this
project aims to overcome the technological limits of existing biomedical devices
that are bulky, expensive, non-user-friendly and often not remote-controlled. The
DSF project focuses on four main therapeutic/care areas: hospitalisation, artifi-
cial nutrition at home, chemotherapy and palliative therapies and intensive care.
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In particular, in the field of artificial nutrition at home, the aim of the project is to
manufacture a miniaturised and intelligent artificial fluidic device that can monitor
the administration of nutritive substances to patients out of the hospital. Indeed, the
device could be interfaced with a web app for an efficient remote communication
between patient and caregiver. Moreover, it will have a compact and light-weight
design and it will be portable with rechargeable battery for a wireless use that can
considerably improve the quality of life of the patients.

The Laboratory of ElectroOptics of the University of Pavia is taking part in the
DSF project as research partner working on the development of an opto-fluidic
device to be applied to artificial parenteral nutrition at home. This activity, pre-
sented in detail in this thesis chapter, focuses on the development of a smart optical
sensor that recognizes the type of AN fluid that is being delivered to the patient’s
body and checks its compliance with the nutrition mixture prescribed by the doc-
tor team. This sensor will be integrated in a smart commercial delivery pump (as
shown in Figure 3.2) and, if needed, will communicate an alert message to the
patient, constituting a security check system that can make artificial nutrition at
home safer. In this way, the patients will be able to manage themselves the AN
system at home without the constant intervention of the nursing staff, making feel
them more autonomous and comfortable with AN.

alarm

INFUSION 
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BAG WITH 
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OPTO-FLUIDIC
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Figure 3.2: Schematic representation of the smart opto-fluididc sensor developed at the Laboratory
of ElectroOptics for recognition of AN fluids and integration in commercial infusion pumps.
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The composition of the AN fluids investigated and the principle of operation
of the opto-fluidic sensor for recognition of the nutrients are described in detail in
the following two Sections.

3.2 Fluids for enteral artificial nutrition: chemical
composition and refractive index

In this work, liquid mixtures for artificial parenteral nutrition only were considered
and investigated. In particular, two different types of mixtures can be administer
through the veins: fluids containing amino acids, glucose and electrolytes (salts)
and fluids containing amino acids, glucose, electrolytes and lipids. The lipidic
component is constituted by an emulsion of suspended particles: hence, the AN
fluids containing lipids have a milk-like white appearance because incident light
is strongly scattered. For this reason, this kind of liquids is not suitable to be mea-
sured with the optical sensor developed during this research activity. On the other
hand, AN fluids containing amino acids, glucose and electrolytes only are trans-
parent and they were investigated and considered for experimental testing in this
work. Samples of transparent AN fluids were provided by the pharmacy of the
San Matteo hospital and have commercial name CLINIMIX (Baxter S.r.l., Italy)
and AMINOMIX (Fresenius Kabi, Germany). The amino acids with the elec-
trolytes and the glucose are initially contained in two different sections divided by
a plastic membrane. The membrane can be easily broken to mix the liquids just
before administering the AN fluid to the patient. Every type of CLINIMIX and
AMINOMIX contains amino acids and glucose in variable concentrations, result-
ing in different amounts calories. Hence, it is reasonable to suppose that every
mixture has a different refractive index, that can be considered as the characteris-
tics parameter to distinguish the liquids. Thus, the theoretical RI value of every
AN fluids (nAN fluid) was estimated by computing the formula

nAN fluid = nH2O+
∂n

∂Cglu

·Cglu+
Na tot∑
qa=1

∂n

∂Camino(qa)
·Camino(qa)+

Ne tot∑
qe=1

∂n

∂Cel(qe)
·Cel(qe)

(3.1)

where nH2O is RI of water, Cglu is the glucose concentration expressed in g/100
mL, ∂n

∂Cglu
= 0.00143 100 mL/g is the RI increment coefficient for glucose [89],

Camino(qa) is the concentration of the qa-th amino acid expressed in g/mL, ∂n
∂Camino(qa)

is the RI increment coefficient due to the qa-th amino acid expressed inmL/g,Na tot



3. Towards an industrial real-world application: a smart opto-fluidic platform for
identification of fluids for artificial nutrition at home 82

is the total number of amino acids contained in the AN mixture, Cel(qe) is the con-
centration of the qe-th electrolyte expressed in g/mL, ∂n

∂Cel(qe)
is the RI increment

coefficient due to the qe-th electrolyte expressed in mL/g and Ne tot is the total
number of amino acids in the mixture. Values of the RI increment coefficient for
every amino acid and electrolyte are tabulated in the literature in [90] and [91],
respectively. Moreover, the exact concentration of each substance in every AN
fluid is clearly reported on the leaflet (see Appendix C for details). Hence, the RI
of every available AN fluid could be theoretically estimated at a wavelength of
670 nm that is the emission wavelength of the source used for optical readout (see
Section 3.8 and Section 3.9), as reported in the second column of Table C.6. Then,
to verify the reliability of the calculation, the RI was measured with a digital com-
mercial refractometer (PCE-DRB 1, PCE Italia s.r.l, Italy). Results are reported in
the third column of Table C.6. Since the refractometer performs the measurement
at 589 nm, the RI esteem was repeated also at this wavelength (second column of
Table C.6).

AN fluid Estimated Estimated Measured
commercial nAN fluid nAN fluid nAN fluid

name @670 nm (RIU) @589 nm (RIU) @589 nm (RIU)
CLINIMIX N9G15E 1.3481 1.3503 1.3497
CLINIMIX N12G20E 1.3531 1.3554 1.3548
AMINOMIX 12% 1.3601 1.3624 1.3608

CLINIMIX N14G30E 1.3617 1.3640 1.3633
CLINIMIX N17G35E 1.3667 1.3689 1.3681
AMINOMIX 20% 1.3716 1.3738 1.3720

Table 3.1: List of the AN mixtures provided by the pharmacy of the San Matteo hospital for test-
ing. Commercial names (first column); theoretical RI values estimated by Equation 3.1 at the
wavelength of 670 nm (second column); theoretical RI values estimated by Equation 3.1 at the
wavelength of 589 nm (third column); RI values measured at the wavelength of 589 nm using the
commercial digital refractometer (fourth column).

From the analysis of the Table, it is possible to conclude that Equation 3.1 allows
to get a reliable esteem of the AN mixtures RI, in agreement with the values ex-
perimentally measured with a standard refractometer. Moreover, C.6 shows that
every AN mixture is characterized by a different RI values: therefore, refractive
index is a suitable parameter to be checked to distinguish the AN fluids.
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3.3 Principle of operation of the sensor

The principle of operation of the proposed opto-fluidic sensor for recognition of
AN fluids is very simple and intuitive. It is based on the observation that if a light
beam enters a rigid fluidic channel at a certain angle and a mirror is located behind
it, then the radiation is reflected and exits the channel at a different position with
respect to the entrance point. Reflectors can be located on both sides of the fluidic
cell to guide light inside the channel and increase the interaction length between
the radiation and the sample. In particular, if fluids with different refractive index
are contained in the fluidic device, the radiation is deflected at different angles in-
side the liquid (according to Snell law, as explained in further detail in Section 3.4)
and the light exit point shifts along the channel surface. This change of position
can be easily detected by means of a Position Sensitive Detector (PSD). Hence,
by a proper calibration, it is possible to retrieve the RI of the fluids in the channel
after measuring the shift of the light beam position. This readout method was im-
plemented in this work considering different types of fluidic devices, as described
in detail in Section 3.3.1.

Some interesting works relying on similar principles of operation have been
proposed in the literature. In 1992, Nemoto presented a simple method for mea-
suring the refractive index of liquids [92]. A laser beam impinges obliquely on
quartz cell filled with the sample: the transmitted beam is deviated from the in-
cident one and the beam axis is determined by the knife-edge scanning method.
Few years later, Docchio et al. developed a similar apparatus with the purpose of
controlling the adulteration of liquids based on their RI [93]. In this system, the
RI is determined by measuring the lateral displacement of a He-Ne beam, that is
obliquely transmitted through a rectangular cell filled with the liquid under char-
acterization. Here, the lateral displacement is accurately determined by a PSD.
In [94], the authors demonstrated an experimental setup for measuring the refrac-
tive index of saline water, and thus its salinity, that exploited the beam deviation
of a He-Ne laser caused by refraction at the receiving end face of a specifically
designed fluid holder, that was partitioned into two parts by an oblique optical
transmission plate: one part is filled with reference liquid, and the other is filled
with saline water. Beam deviation caused by salinity change is detected by a PSD.
This system is very similar to that proposed previously by Minato et al., but based
on semiconductor laser [95]. In 2005Yeh et al. proposed a high-precision yet com-
plex measurement technique based on a double laser beam, a rectangular glass cell
and a PSD to determine the concentration of glucose in aqueous solutions and their
RI, with an error of 0.000444 [96]. In an other work [97], an optoelectronic sys-
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tem with a red laser diode was used to measure RI variations during the alcoholic
fermentation of wine in a non-invasive manner. The laser beam crosses the cell
containing the sample, it is deflected according to its RI and it shifts on the ac-
tive area of a PSD used for measurements. Nasibov et al. realized a non-invasive
imaging-based apparatus for measuring the RI of liquids inside a cell with a preci-
sion of 10−4 RIU [98]. The proposed method makes use of a line structured laser
beam and simultaneously probes the media at several points along the laser stripe,
instead of probing at a single point when a spot laser beam is used. The main
benefit is that it is possible to retrieve RI variations across a certain direction with
a CCD camera by properly aligning the laser stripe in that direction. In another
work, the authors realized a non-contact measuring method for obtaining the RI
of a solution based on an inverse ray tracing technique [99]. They used a laser
diode and an optical angle sensor constructed by two linear CCD image sensors.
Then, they placed the sample in a transparent beaker and installed a reflector on the
bottom of the beaker and they measured the two light rays reflected at the liquid
surface and the bottom of the beaker. To meet the challenges of miniaturization of
refractive index sensors, Seow et al. exploited the partial refraction phenomenon
at the solid core-liquid cladding interface in an opto-fluidic planar device based on
PDMS, produced on a silicon wafer by standard soft-lithography method [100].

These solutions, surely very interesting, still present some drawbacks: for ex-
ample, many of them require that the sample is stored in a closed cell, thus with-
out the possibility of in flow measurements. Moreover, large volumes of fluids
are often needed for the measurement, making these systems not suitable for the
analysis of ultra-low volumes. To reduce the sample volume, several works in
the literature propose custom designed micro-fluidic channels requiring dedicated
micro-fabrication facilities. Also, bulk and expensive instrumentation (as CCD
cameras) is sometimes required. The present work aims to overcome these tech-
nological limitations: indeed, it allows both static and in flow measurements and
makes use of extremely small volumes of sample (of the order of few µL or even
nL). Moreover, it makes use of cheap fluidic and optoelectronic instrumentation.
The proposed readout method is label free, contactless, non invasive and remote.

3.3.1 Choice of the fluidic channel

In the course of our studies, three fluidic channels with different dimensions and
features were considered (Figure 3.3).
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(a)

(b)

(c)

Figure 3.3: Picture of the three fluidic channels investigated in this work. (a) Rectangular glass
micro-capillary. (b) Plastic IBIDI μ-Slide I Luer. (c) Polysterene standard square-section cuvette.

First, micro-capillaries by VitroCom (NJ, USA), already described in detail in Sec-
tion 1.1, were investigated (Figure 3.3(a)). They are constituted of borosilicate
glass with RI of 1.51 RIU. As presented in Chapter 2, they were coated with thin
aluminum layers on the external sides of the glass wall to realize integrated reflec-
tors (see Figure 2.3(b)). The back wall was fully coated, while on the front wall a
few-mm long metallization was deposited. Micro-capillaries investigated in this
work have nominal dimensions d = 400 μm and tf = tb = 280 μm. Other interesting
micro-fluidic devices that were exploited are IBIDI µ-Slide I Luers, commercial-
ized by IBIDI™ (Germany) and shown in Figure 3.3(b). They consist of a channel
with length L and widthW equal to 50 mm and 5 mm, respectively. Devices with
channel depth d of 200, 400, 600 or 800 µm are commercially available: the small
internal dimensions allow to deal with small quantities of fluids. The channel
ends at both sides with standard luer connections, enabling an easy and efficient
interconnection with the external fluidic system. The sample can be introduced
in the channels just by means of a syringe or a micropipette or can be integrated
in a more sophisticated fluidic system able to reproduce specific flow conditions.
The µ-Slides are realized in polymeric material with excellent optical properties,
comparable to that of glass [101], and refractive index of 1.52 RIU at 589 nm.
Moreover, they are highly suitable for high-end microscopic analyses, fluores-
cence experiments and cell culture under perfusion and flow. In previous works
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carried out at the Laboratory of ElectroOptics of the University of Pavia, IBIDI
devices were exploited for RI measurements combined with low-coherence inter-
ferometry [102]. For this research, IBIDI devices with d = 800 µm were chosen,
in order to consider a channel depth doubled with respect that of micro-capillaries
previously described in this Section. The polymer coverslip has a thickness tf

= 180 µm, while the thickness of the front wall, measured with a Palmer tester
(406-350, Mitutoyo, Japan) is tf ≃ 1060 µm. As micro-capillaries, also the IBIDI
devices were coated with external metallic reflectors. Eventually, standard plastic
cuvettes, purchased from Cheimika S.A.S. (Italy), were considered as third fluidic
channel suitable for RI measurements (Figure 3.3(c)). They have standard chan-
nel depth d of 1 cm, width W = 1 cm and length L = 5 cm. Moreover, each
cuvette has four optical sides, meaning that every side wall (with thickness of 1
mm) is realized in highly transparent polysterene plastic with RI of 1.5862 RIU
and high optical transmission in the wavelength range 340-900 nm [103]. Thanks
to the 1-cm-by-1-cm-section of the cuvettes, it was possible to strongly increase
the path travelled by the light in the fluid. Hence, only the single bounce con-
figuration was here considered, obtained depositing only one metallic layer on
the back wall, without the need of implementing a multiple bounce scheme, thus
making the whole design simpler and easier to handle. On the other hand, because
of the dimensions of cuvette channel, the volume of fluid required for the test is
of 5 mL, that is clearly much higher than that required to perform measurements
with micro-capillaries of IBIDI µ-Slides. However, this does not appear as a se-
vere drawback since AN mixtures are administered to the patient in large volumes
(0.5-2 L). Moreover, cuvettes would be a suitable device to realize a low-cost and
easy-to-fabricate disposable, to be integrated in a commercial device.

3.4 Theoreticalmodel of light propagation in the flu-
idic channel

Similarly to the the theoretical analysis carried out in Chapter 2, also for this re-
search line a detailed theoretical model was implemented in MATLAB environ-
ment to study light propagation through the investigated fluidic devices (micro-
capillaries, IBIDI µ-Slides, cuvettes) with different geometrical parameters. It
predicts the displacement of the output beam position onto the sensitive surface of
the PSD when the considered device is filled with samples with different RIs. The
same theoretical model, taking into account just few adjustments, can be applied
to study either the single bounce or the multiple bounce configuration. Some of
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the formulas of this model (e.g. those to calculate the number of bounces) are ex-
actly identical to the equations of the theoretical analysis presented in Chapter 2.
However, all the equations are here written and explained again for sake of com-
pleteness. A schematic representation of light travelling inside the fluidic channel
in case of single bounce configuration is reported in Figure 3.4.
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Figure 3.4: Schematic representation of the path travelled by the light in the fluidic device, con-
sidering the single bounce configuration.

As previously explained in Chapter 2, to study the path travelled by light in the
fluidic devices, the geometrical ray optics approximation can be applied since the
dimensions of the channels are much larger than the considered wavelength values
and the beam has a very limited divergence. Each fluidic device was considered
as a multi-layer structure composed of three layers with finite thickness (front wall
with thickness tf , channel with depth d and back wall with thickness tb) inserted
between two infinite media (either air/metallization in the single bounce scheme
or metallization/metallization in the multiple bounce configuration). The front
metallization (when present) was considered for modelling the multiple bounce
configuration (Figure 3.6). The metallic layers act as mirrors, specularly reflect-
ing the incident light. The RI of air is equal to 1, while the absorption effect of
the samples was neglected since it does not affect the path travelled by the light.
Moreover, at the wavelengths emitted by the considered laser diodes (around 650
nm) the absorption of water (that is the main component of the tested fluids) is
very weak. As it is well known, when light crosses the separation surface between
two different media, it is partially reflected and partially transmitted. Here, only
the transmission is relevant and the deflection of the transmitted beam can be cal-
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culated computing the Snell law:

nj · sin θj = nl · sin θl (3.2)

where the subscripts j and l indicate the origin and destination medium, respec-
tively, nj and nl are the refractive indices of the two dielectric media and θj and θl
are the incidence and transmission angles, respectively. When radiation encoun-
ters the metallization, it undergoes a specular reflection. By recursively applying
the Snell formula, it is possible to calculate the effective pathlength inside the
overall structure. In particular, the geometrical distance p between the entrance
and exit positions of the light beam in the fluidic device depends on the sample RI
and can be computed as

p = 2a+ 2b+ 2c (3.3)

where a, b and c are the orthogonal projections of the path that light travels in the
front wall, channel and back wall, respectively. They can be retrieved as

a = tf · tan θ2 (3.4)

b = d · tan θ3 (3.5)

c = tb · tan θ4 (3.6)

If tf = tb (i.e. for the micro-capillaries and cuvettes), then 2a = 2c. In the single
bounce configuration (that is when no top metallization is present or when the
light is shone far from it, so that its guiding effect is not present) light bounces
once on the back metallization and it crosses the fluidic channel containing the
sample twice. If fluids with different RI are tested (Figure 3.5), then the light
beam exits the channel always with an output angle equal to the incidence angle
(indeed, in the figure the green, blue and red output arrows are all parallel), but
its exit position along the fluidic device surface does change: in particular, for
increasing values of RI, it is moved closer to incident input beam and the value
of p decreases. Figure 3.5 highlights this feature: if the green, blue and red lines
corresponds to the paths of light when the channel is filled with sample with RI
equal to n1, n2 and n3, respectively, and n3 > n2 > n1, then p3 < p2 < p1.
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Figure 3.5: Schematic representation of light beam crossing the channel in the single bounce con-
figuration when different samples with increasing RI are considered in the channel.

The same model is also exploited to study the multiple bounce configuration (Fig-
ure 3.6). In this particular case, thanks to the presence of the front metallization,
the light beam is zig-zag guided inside the fluidic channel and it crosses the sam-
ple multiple times. The number of bounces N , as already explained in Chapter 2,
depends on the length of the front metallization Lmet and it is given by

N = CEIL(Lmet/p) (3.7)

where CEIL is the MATLAB function that returns the smallest integer value that
is larger than or equal to Lmet/p. In the single configuration, N = 1. With the
multiple bounce configuration, the shift of the output beam is strongly enhanced:
the higher the number of bounces N , the longer the distance p. For the multiple
bounce configuration the model can also be used to predict the exact length of the
front metallization, after the number of bounces has been chosen, simply inverting
Equation 3.7.
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Figure 3.6: Schematic representation of light beam crossing the channel in the multiple bounce
configuration when different samples with increasing RI are considered in the channel.

3.5 Results of theoretical analysis

Theoretical simulations were carried out in MATLAB environment by implement-
ing the model presented in Section 3.4, in order to estimate how the channel depth
and the number of bounces (in case of multiple bounce configuration) affect the
relationship between the geometrical distance p and the refractive index n of the
tested fluid. Moreover, the theoretical analysis allowed to compare the perfor-
mances of the different fluidic channels (micro-capillaries, IBIDI μ-Slides and cu-
vettes).

3.5.1 Achievable theoretical performanceswith glassmicro- cap-
illaries

Simulations for a micro-capillary with external metallization on the back wall and
with nominal geometrical parameters d = 400 μm and tf = tb = 280 μm were first
carried out considering the single bounce configuration. The angle of incidence
(θ1 in Figure 3.4) has been selected θ1 = 45°. Such value was chosen because it
ensures a good trade-off between increase of the light path inside the channel and
limitation of the losses due to reflection at the interfaces. The RI of the glass wall
was considered equal to 1.51 RIU: glass RI dispersion was not kept into account
since only laser sources with narrow emission spectrum were used for experimen-
tal measurements in this work. Moreover, since VitroCom declares a tolerance
of ±10% for the channel depth, simulations were repeated also considering the
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two extreme cases d = 360 μm and d = 440 μm. Indeed, if the channel depth
changes, also the interaction length between the radiation and the sample is mod-
ified. Initially, the theoretical analysis was carried out by calculating the geomet-
rical distance p between the entrance and exit positions of the light beam in the
fluidic device (given by Equation 3.4), for the single bounce configuration, as a
function of the sample RI in the range 1-2 RIU, corresponding to the refractive in-
dex of real fluids (Figure 3.7(a)). It can be observed that the value of p decreases
for increasing RIs. Moreover, its behaviour is not linear but it can be linearized
when considering smaller RI intervals, for example between 1.30 and 1.39 RIU,
as shown in the zoomed plot of Figure 3.7(b). This simulation also demonstrates
that the single bounce configuration can be exploited for absolute measurement of
a sample RI by comparing the position p obtained with fluid in the micro-capillary
with that obtained with the empty channel. Absolute RI measurements are not pos-
sible with the multiple bounce configuration, since high values of RI could lead to
a different number of bounces from that obtained with air in the channel. Hence,
the multiple bounce configuration is suitable only to detect small RI variations
with respect to a reference fluid.
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(a)

(b)

Figure 3.7: Results of the theoretical analysis obtained for a micro-capillary with channel depth
d = 360, 400 or 440 μm in the single bounce configuration (N = 1). (a) Calculated geometrical
distance p as a function of RI in the range 1-2 RIU. (b) Zoomed view: p can be linearized in the
smaller interval from 1.30 to 1.39 RIU.

The theoretical analysis was then carried on by considering fluids filling the micro-
capillary with RI of 1.3314, 1.3386, 1.3459, 1.3553, 1.3604, 1.3676 and 1.3792
RIU. Such values correspond to water-glucose dilutions in concentration of 0 (wa-
ter), 5, 10, 16.5, 20, 25 and 33% respectively. For every considered sample, the
shiftX of the light beam along the micro-capillary was obtained by computing the
difference

X = |pfluid − pwater| (3.8)

where p is calculated with Equation 3.3 and | | indicates the absolute value. The exit
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position of the beam obtained simulating the presence of water in the channel was
chosen as reference. By linearly fitting the shiftX as a function of the liquid RI the
theoretical calibration curves were obtained (Figure 3.8). The shift X of the laser
spot is maximum for the sample with the highest RI. Moreover, the sensitivity S,
defined as S = ∆X/∆n, which corresponds to the slope of the calibration curves,
depends on the channel depth d and increases for higher values of d, taking values
between about 450 and 550 μm/RIU.

S1 = 447 µm/RIU

S2 = 497 µm/RIU

S3 = 547 µm/RIU

Figure 3.8: Theoretical calibration curves for a micro-capillary with channel depth d = 360, 400 or
440 μm, considering the single bounce configuration (N = 1).

Afterwards, the theoretical analysis was repeated considering the same micro-
capillary with the presence of a front metallization with length Lmet = 6 mm in
order to simulate the multiple bounce configuration. The considered angle of in-
cidence is the same, θ1 = 45° and also in this case the simulations were repeated
considering d = 360, 400 or 440 μm. The theoretical model allowed to estimate a
number of bouncesN = 6 for all the three cases. The theoretical calibration curves
are reported in Figure 3.9. Since the interaction length between light and sample is
here strongly increased with respect to the single bounce configuration, higher sen-
sitivity values were found. The sensitivity S varies between around 2680 μm/RIU
(d = 360 μm) and 3280 μm/RIU (d = 440 μm). For the same value of d, it can be
observed that the multiple bounce sensitivity Smultiple is increased by a multiplying
factor N (number of bounces) with respect to the single bounce configuration:

Smultiple ≃ N · Ssingle (3.9)
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S1 = 2683 µm/RIU

S2 = 2981 µm/RIU

S3 = 3279 µm/RIU

Figure 3.9: Theoretical calibration curves for a micro-capillary with channel depth d = 360, 400 or
440 μm, considering the multiple bounce configuration (N = 6).

3.5.2 Achievable theoretical performances with IBIDI μ-Slides

The theoretical simulations were then performed considering an IBIDI μ-Slide
with back external metallization and dimensions tf = 180 μm, d = 800 μm and
tb = 1060 μm, exploited in the single bounce configuration. The angle of inci-
dence (θ1 in figure 3.4) is of 45°. The refractive index of the polymeric layers was
considered equal to 1.52 RIU, as reported on the device datasheet. The theoretical
analysis was carried out considering samples filling the micro-capillary with RI of
1.3314, 1.3386, 1.3459, 1.3553, 1.3604, 1.3676 and 1.3792 RIU, corresponding to
water-glucose dilutions in concentration of 0 (water), 5, 10, 16.5, 20, 25 and 33%
respectively. No tolerance is reported by the manufacturer for channel depth and
wall thickness, but it is reasonable to suppose that the IBIDI μ-Slide actual dimen-
sions could slightly differ from the nominal ones. Moreover, due to the pressure
exerted by the fluids on the plastic walls of the channel, the IBIDI μ-Slide could
be slightly deformed during the measurements. Hence, also for the IBIDI device
a deviation of ±10% on the parameter d was considered and the theoretical study
was carried out for d = 720, 800 and 880 μm. The theoretical calibration curves
are shown in Figure 3.10. As already observed in Section 3.5.1, the sensitivity S

increases for higher values of the channel depth d and is equal to 894, 994 and
1093 μm/RIU. Moreover, making a comparison with the performances obtained
with the micro-capillary, the sensitivity is here multiplied by a factor 2 since the
channel depth of the IBIDI μ-Slide is twice that of the micro-capillary.
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S1 = 894 µm/RIU

S2 = 994 µm/RIU

S3 = 1093 µm/RIU

Figure 3.10: Theoretical calibration curves for an IBIDI μ-Slide with channel depth d = 720, 800
or 880 μm, considering the single bounce configuration (N = 1).

The theoretical analysis was then repeated for the configuration ofmultiple bounces,
considering a front metallization with length Lmet = 5 mm. Results are reported in
Figure 3.11. It has to be noted that the number of bounces N , which turned out to
be equal to 3, is here much-smaller than in the case of the micro-capillary even if
the length of the front metallization is only 1 mm shorter. This feature is due to the
deeper channel d, but also to the fact that the back polymeric layer of the IBIDI de-
vice is much thicker (1060 μm) with respect to the back wall of the capillary (280
μm). It is important to stress that the thickness of the walls does not have a direct
effect on the light path in the channel, but it does affect the number of bounces
and thus, indirectly, also the sensitivity of the multiple bounce configuration. As
already observed for the micro-capillary, in the multiple bounce configuration the
sensitivity is N-times the sensitivity of the single bounce configuration.
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S1 = 2683 µm/RIU

S2 = 2981 µm/RIU

S3 = 3279 µm/RIU

Figure 3.11: Theoretical calibration curves for an IBIDI μ-Slide with channel depth d = 720, 800
or 880 μm, considering the multiple bounce configuration (N = 3).

3.5.3 Achievable theoretical performanceswith standard square
section cuvettes

Numerical simulations were eventually carried out considering a standard cuvette
made of polysterene with RI of 1.5862 RIU and geometrical parameters d = 1
cm and tf = tb = 1 mm. Since the optical path offered by the cuvette is more
than 10 times larger than that provided by the μ-Slide in the single bounce config-
uration, the theoretical study was carried out considering the presence of a back
metallization only. Hence, the multiple bounce scheme has not been investigated.
Moreover, cuvettes are well-established standard devices that have to be manu-
factured with reliable dimensions (1-cm-by-1-cm section), since they are mainly
produced for spectroscopic analysis in commercial spectrophotometers. Hence, it
is reasonable to believe that the actual dimensions well match the nominal ones.
For this reason, only the nominal dimension for the channel depth d was consid-
ered in the simulation. On the other hand, the theoretical analysis was carried out
considering different values of the angle of incidence θ1 (40, 45 and 50°). Indeed,
during the experimental testing, while the micro-capillary and the IBIDI channel
were glued to a flat metallic support, the cuvette was simply located vertically but
not pushed towards a flat support: hence, the alignment of the cuvette at an exact
angle was a critical point. For this reason, different angles of incidence were con-
sidered. Also for the cuvette, samples with RI of 1.3314, 1.3386, 1.3459, 1.3553,
1.3604, 1.3676 and 1.3792 RIU, corresponding to water-glucose solutions with



3. Towards an industrial real-world application: a smart opto-fluidic platform for
identification of fluids for artificial nutrition at home 97

concentration equal to 0 (water), 5, 10, 16.5, 20, 25 and 33% respectively, were
simulated. Figure 3.12 shows the theoretical calibration curves. The sensitivity
S, varying in the range 10271-14884 μm/RIU, is strongly enhanced with respect
to the case of micro-capillaries and IBIDI devices thanks to the very long optical
path in the sample. Moreover, the simulations proved that the angular position of
the cuvette (i.e. different angle of incidence) has a remarkable effect on the value
of sensitivity.

S1 = 10271 µm/RIU

S2 = 12419 µm/RIU

S3 = 14884 µm/RIU

Figure 3.12: Theoretical calibration curves relative to a cuvette with variable angle of incidence
(θ1 = 40, 45 or 50°), considering the single bounce configuration (N = 1).

3.6 Opto-fluidic sensing platform for experimental
testing

An opto-fluidic platform was designed and implemented to perform preliminary
experiments with water-glucose dilutions. The general scheme of the instrumental
configuration is reported in Figure 3.13.
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Figure 3.13: Schematic representation of the opto-fluidic platform for experimental testing. Inset:
orientation of laser spot with respect to the PSD.

The readout beam is provided by a semiconductor laser diode (DL3147-060, Sanyo,
Japan) emitting visible light at a wavelength of 650 nm with a maximum optical
power of 7 mW and nominal threshold current of 20 mA. The source is controlled
by a current driver (LDC 500, Thorlabs, NJ, USA). Light beam is shined onto
the flat surface of the fluidic channel with an angle of incidence of 45°. A lens
(LTN330-B, Thorlabs, NJ, USA) with focal length of 3.1 mm, numerical aperture
equal to 0.68 and anti-reflection coating from 600 to 1050 nm is placed in front
of the source and the light beam is focused in order to obtain the smallest light
spot onto the surface of the photodetector. The readout beam crosses the fluidic
channel only twice, bouncing on the back metalizzation, or multiple times when
also a front metallization is deposited on the external side of the front wall. All the
metal layers (in aluminum) were realized by sputtering deposition in high vacuum
environment by VAQUARZ (Italy). The ending parts of the channel are connected
to plastic tubes, so that the liquid sample is flowed inside using a syringe. In par-
ticular, minor adjustments have been made to adapt the fluidic connections to the
different types of channel. For example, while the IBIDI devices are already pro-
vided with luer connectors, the micro-capillary ends were inserted in heat-shrink
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tubings for connection with luer adapters. On the other hand, the cuvettes, that
have one open side and the other closed, were customized with the addition of
plastic connectors 3D printed by the Proto-Lab of the DICAr (Dipartimento di In-
gegneria Civile ed Architettura) of the University of Pavia. After the interaction
with the fluid, the light beam reaches a 1-dimensional linear PSD that is oriented
parallel to the flat surface of the channel, at a distance of few millimeters. The
PSD is a peculiar light detector that allows to measure the position of the light spot
reaching its sensitive area and its variations with a resolutions of few micrometers.
It has to be noted that the light spot generated by the semiconductor laser diode
has an elliptical shape because of the different divergence of the beam in the x
and y variation due to the rectangular section of the laser chip. Also, the radiation
is polarized along the main axis of the ellipse. Hence, the laser spot is carefully
oriented orthogonally with respect to the direction of the longer dimension of the
PSD active area (as shown in the inset of Figure 3.13 ). The PSD is powered with a
voltage supply (PS283, Tektronix, OR, USA). After the measurement, the sample
is discarded by pushing air in the channel in the case of the micro-capillary and the
IBIDI device, while the cuvette, vertically positioned, is emptied simply by gravity
force. All the measurements were performed with fluids in static conditions in the
channels. The output signals supplied by the PSD are visualized in real-time and
then acquired with an oscilloscope (MDO3034, Tektronix, OR, USA) with USB
connection. Eventually, data are processed in MATLAB environment.

3.6.1 Features of the Position Sensitive Detector

The 1-dimensional linear Position Sensitive Detector is a photodetector able to
measure the position of the centroid of the impinging light spot along one spatial
dimension. The PSD used in this work (1L10-SU74-SPC02), shown in Figure
3.14, was purchased from SiTek Electro Optics AB (Sweden) and is constituted
by a sensitive area with length LPSD = 10 mm and width of 2 mm. The chip has
a total area of 20.5 mm × 20.5 mm. It is powered with ±15 V voltage supply and
has a transimpedance gain of 105 V/A and a bandwidth of 400 kHz. This PSD is
provided with attached signal processing circuit and provides two voltage signals:
- the difference signal V1 − V2, which carries information about the position of the
light spot along the sensor area;
- the sum signal V1+V2, which is proportional to the total optical power that reaches
the detector.
V1 and V2 are proportional to the currents that are photogenerated at the extremities
of the sensitive region and depend on the position of the light spot: if it is located
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at the center of the sensing region, then V1 = V2 and V1 − V2 = 0. The light spot
position on the PSD pPSD, with respect to the center of the sensitive area, can be
retrieved by computing the formula

pPSD =
LPSD

2
· V1 − V2

V1 + V2

(3.10)

This specific PSD was chosen for the preliminary steps of this study because the
quite long length of its sensitive area (10 mm) allows to measure light beam dis-
placements without any kind of limitations. Hence, even if the larger predicted
displacement (obtained in this work with the cuvette, according to the theoretical
simulations) is roughly between 500 μm and 1 mm, also much larger shifts of the
laser spot (that could be obtained with different fluidic channels) could be detected
with the same PSD. Moreover, the PSD datasheet reports that position linearity is
valid within 80% of the detector length (equal to 8 mm) [104]. Hence, the PSD
was aligned in such way to shine the laser spot always in the central part of the
sensitive area, where the linear operation of the devices is guaranteed for measure-
ment of a displacements typically smaller than 1 mm. About noise performances,
a good signal-to-noise ratio is always ensured since the laser light is not strongly
attenuated and the power level reaching the PSD is always of the order of 1-2 mW.

LPSD

I1 I2I1 + I2 I1 - I2

+15V supply

-15V supply

(a) (b)

Figure 3.14: Position Sensitive Detector. (a) Picture of the device. (b) Schematic representation
of the sensor with electrical connections.

3.7 Experimental results

In order to prove the suitability of the proposed readout method for refractive index
monitoring, preliminary experimental measurements were performed by flowing
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mixtures of glucose in deionized water in different concentration in the consid-
ered fluidic channels. Thus, it was possible to compare the performances offered
by micro-capillaries, IBIDI μ-Slides and cuvettes and to study the compliance of
the experimental results with the expected behaviour predicted by the theoretical
model.

3.7.1 Experimental measurements on micro-capillaries

Experimental measurement were first carried out on a micro-capillary with nomi-
nal geometrical dimensions d = 400 μm and tf = tb = 280 μm and front aluminum
metallization with length Lmet = 6 mm. The back side of the device was externally
coated along its entire length. Experiments were performed by filling the channel
with solutions of glucose in distilled water in concentration equal to 0, 5, 10, 16.5,
20, 25 and 33% corresponding to RI values of 1.3314, 1.3386, 1.3459, 1.3553,
1.3604, 1.3676 and 1.3792 RIU. The experimental analysis was performed first
considering the single bounce configuration and shining the readout beam far from
the front metallization. Then, it was repeated in the multiple bounce configuration,
thus exploiting the guiding effect provided by both metallic layers deposited on the
external walls. The laser current was set to 22.4 mA and 25.5 mA in the single
and multiple bounce configuration, respectively, to ensure a good signal-to-noise
ratio and avoid output signal saturation. When different fluids flow in the channel,
the position of the output beam changes as explained in Section 3.4. Hence, using
a PSD detector it is possible to measure this variation of position. In particular,
as explained in Section 3.6.1, the PSD provides the difference (V1 − V2) and sum
(V1+V2) voltage signals. An example of V1−V2 and V1+V2 signals acquired while
testing the single bounce configuration is reported in Figure 3.15. The difference
signal carries information about the beam position and, thus, its value changes for
different RIs of the sample. The spikes between the almost constant-amplitude
regions occur when the channel is emptied and a new sample is injected: so, dur-
ing the transient, air temporarily fills the channel. The sum signal is proportional
to the total optical power reaching the PSD sensitive surface and it stays almost
constant for every sample, but it is necessary to normalize the difference signal
and compensate for spurious changes of light intensity on the detector.
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(a)

(b)

water
glu 5% glu 10%

glu 16.5% glu 20%
glu 25%

glu 33%

Figure 3.15: Example of typical difference V1 − V2 (a) and sum V1 + V2 (b) signals in the time
domain acquired with the PSD.

The position pPSD of the light beam measured by the PSD is then retrieved by ap-
plying Equation 3.10. Figure 3.16 shows the variations of the beam position pPSD

impinging on the PSD as a function of timewhenwater-glucose dilutions are tested
in the single bounce (Figure 3.16(a)) and multiple bounce (Figure 3.16(b)) config-
uration. From the comparison between the two traces, it can be observed that, for a
given sample, the shift of the beam position is much higher in the multiple bounce
configuration due to the longer path travelled by light in the sample.

water
glu 5%

glu 10%

glu 16.5%
glu 20%

glu 25%
glu 33%

water
glu 5%

glu 10%

glu 16.5%
glu 20%

glu 25%
glu 33%

(a)

(b)

Figure 3.16: Variation of the beam position pPSD detected by the PSD as a function of time when
water-glucose solutions with different concentration are tested in the single bounce (a) and in the
multiple bounce configuration (b).



3. Towards an industrial real-world application: a smart opto-fluidic platform for
identification of fluids for artificial nutrition at home 103

Afterwards, the experimental shiftXexperim of the light beam position with respect
to that measured when water, chosen as reference fluid, flows in the channel was
recovered, for all the samples investigated, by applying the formula

Xexperim = |pPSD−fluid − pPSD−water| (3.11)

The values ofXexperim can be compared with the theoretical values ofX provided
by the model and given by Equation 3.8. The experimental data were then re-
ported as a function of the sample RI with the best linear fitting that represents the
calibration curves of the RI sensor. Figure 3.17 shows the comparison between
experimental and theoretical curves. The experimental calibration curves (dotted
traces) were found to be in extremely good agreement with the experimental ones
(solid traces) obtained for a micro-capillary with channel depth d = 360 μm. Also,
the number of bounces in the multiple bounce scheme was confirmed to be N =
6. The theoretical sensitivities (448 and 2669 μm/RIU, for the single and multiple
bounce configuration, respectively) are very close to the theoretical values.

Sexperim multiple = 2669 µm/RIU

R2 = 0.998

Sexperim single = 448 µm/RIU

R2 = 0.999

Figure 3.17: Experimental calibration curves (dotted traces) for single (N = 1) and multiple (N
= 6) bounce configuration with the micro-capillary. They are almost perfectly overlapped to the
theoretical calibration curves (solid traces).

3.7.2 Experimental measurements on IBIDI μ-Slides

After the micro-capillary, an IBIDI μ-Slide channel was considered for experimen-
tal testing. It has nominal dimensions tf = 180 μm, d = 800 μm and tb = 1060 μm.
As the micro-capillary, also the IBIDI device was coated on one side with an Al
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layer along the whole length of the channel and on the other side with a shorter
layer with Lmet= 5 mm. Water-glucose solutions with concentration 0, 5, 10, 16.5,
20, 25 and 33% and RI values of 1.3314, 1.3386, 1.3459,1.3553, 1.3604, 1.3676
and 1.3792 RIU, respectively, were tested first in the single bounce configuration.
The laser current was set equal to 22.3 mA. Following the same procedure already
explained in detail for the micro-capillary (Section 3.7.1), the V1 − V2 and V1 + V2

signals from the PSD were acquired and the beam position pPSD and beam shift
Xexperim were retrieved applying Equation 3.10 and 3.11, respectively. Then, the
experimental data were linearly fitted as a function of the sample RI and further
comparedwith the theoretical prediction. The experimental calibration curve (pink
dotted trace in Figure 3.18) is overlapped to the theoretical curve (blue solid trace)
obtained supposing a channel with depth of 800 μm (hence equal to the nominal
value declared by the manufacturer). The experimental sensitivity (982 μm/RIU)
is in good agreement with the value estimated by the model (994 μm/RIU). Exper-
iments were then repeated in the multiple bounce scheme, setting the laser current
to 23 mA. Current was here increased to obtained a significant level of optical
power reaching the PSD: indeed, in the multiple bounce configuration losses in-
crease because of the higher number of interfaces between different materials met
by the light beam. The experimental calibration curve (green dotted trace) is in
good agreement with the theoretical curve obtained with a number of bounces N
=3 and a channel depth d = 880 μm and the value of sensitivity was correctly pre-
dicted by the theoretical analysis. It has to be noted that there is a mismatch on
the value of d predicted in the single and multiple bounce configuration (800 μm
vs 880 μm). This discrepancy could be justified by channel depth variations of
the IBIDI μ-Slide along its length. Indeed, the front cover layer is extremely thin
(tf = 180 μm) and could be pretty flexible (surely, less rigid that glass). Hence,
when the liquid flows into the channel, it applies a pressure in the walls and it
could cause an expansion of IBIDI μ-Slide. Reasonably, the deformation is more
evident at the center of the device and this seems to be confirmed by the fact that
the value of d appears larger for the multiple bounce configuration that was tested
about halfway along the channel. On the other hand, tests on the single bounce
configuration were performed shining light close to the luer connection, where the
device is sealed and the deformation is likely very limited.
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Sexperim multiple = 3237 µm/RIU

R2 = 0.998

Sexperim single = 982 µm/RIU

R2 = 0.996

Figure 3.18: Experimental calibration curves (dotted traces) obtained with the IBIDI channel tested
in single (N = 1) and multiple bounce (N = 3) configuration. They are almost perfectly overlapped
to the theoretical calibration curves (solid traces). To be noted is the mismatch between the values
of d predicted in the two configuration, very likely to be ascribed to the deformation of the channel
because of the force applied by the liquids.

3.7.3 Experimental measurements on plastic cuvettes

Eventually, experimental measurements were carried out flowing the fluid sam-
ples in a plastic cuvette. The device has thickness of the walls tf = tb = 1 mm and
channel depth d = 1 cm, thus much deeper than that of micro-capillaries and IBIDI
μ-Slides. The back wall of the cuvette is fully coated with the aluminum layer, but
no front metallization was realized since, using the cuvette, the light path in the
channel is expected to be long enough to ensure high sensitivity even in the sin-
gle bounce scheme. Water-glucose solutions with concentration 0, 5, 10, 16.5, 20,
25 and 33% and RI values of 1.3314, 1.3386, 1.3459,1.3553, 1.3604, 1.3676 and
1.3792 RIU, respectively, were tested. The laser current was set to 22.5 mA. Then,
following the same procedure already explained in detail for the micro-capillary
(Section 3.7.1), data from the PSD were acquired and processed. Beam position
pPSD and beam shiftXexperim were extracted. Then, as reported in Figure 3.19, the
beam shift was linearly fitted as a function of the sample RI and the experimental
calibration curve (green dotted trace) was obtained. Moreover, it was compared
with the theoretical results reported in Figure 3.12. The comparison demonstrated
good agreement between the experimental and the theoretical curve obtained sim-
ulating an angle of incidence θ1 = 40°. Also the experimental sensitivity (10455
μm/RIU) well matches the value estimated by the model (10271 μm/RIU).
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Sexperim = 10445 µm/RIU     R2 = 0.987 

Figure 3.19: Experimental calibration curves (green dotted trace) for single bounce configuration
(N = 1) in comparison with the theoretical curve (blue solid trace) related to a plastic cuvette.

3.8 Realization of industrial prototypes

After experimental demonstration of the principle of operation of the platform and
and analysis of the features and performances obtained with the three fluidic chan-
nels, further work was made to realize industrial prototypes of an opto-fluidic sen-
sor that can be easily integrated into commercial pumps for infusion of AN fluids.
In particular, choices were made to use electro-optical and fluidic components that
are low-cost and allow to realize a compact configuration. A first generation pro-
totype and, later, a second generation prototype were designed and implemented
during my Ph.D..

3.8.1 First generation prototype

To realize the first generation prototype, standard plastic cuvettes described in Sec-
tion 3.3.1 were adopted as fluidic channels. Indeed, they are easy to handle and
have to be operated only in the single bounce configuration (that results less critical
in term of alignment) thanks to their long optical path that significantly increases
the measurement sensitivity, as explained in Section 3.5.3. The bottom part of the
each cuvette was polished away and plastic connectors were 3D-printed by Proto-
Lab (Figure 3.20(a)) to insert the device along the fluidic path connecting the bags
of AN mixtures to the vein of the patient (Figure 3.20(b)). Moreover, the external
metalizzation was substituted with the use of a commercial cheap bulkmirror (12.5
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mm × 50 mm, thickness of 1 mm) purchased from Amazon (WA, USA) (Figure
3.20(c)). In this way, the reflector can become part of the fixed setup and the cu-
vette with connectors and plastic tubes becomes the only low-cost consumable of
the system.

(a)

(b)

(c)

Figure 3.20: Choice of components for the first generation prototype. (a) 3D-printed connectors
for cuvettes. (b) Plastic cuvettes with connectors and tubes. (c) Low-cost mirror.

The laser source of the previous configuration (see Section 3.6) was obsolete and
out of production: hence, it was substituted by another semiconductor laser diode
with emission centred at 670 nm (HL6748MG, Thorlabs, NJ, USA) and maxi-
mum optical power of 10 mW, still powered by the bench Thorlabs current driver
(LDC 500). A different PSD (1L10_CP2, SiTek Electro Optics AB, Sweden) with
respect to that previously employed (see Section 3.6.1) was chosen: the two de-
tectors have the same active area (10 mm (LPSD) × 2 mm), but the new PSD chip
has smaller overall dimensions (19.6 mm× 7.4 mm), thus resulting less bulky (see
Figure 3.21)(a). The new PSD needs to be supplied with ±15 V voltages (simi-
larly to the previous one) and provides as outputs the two currents photogenerated
at the extremities of the sensitive region, I1 and I2. Hence, a transimpedance cir-
cuit was designed and implemented to convert the current signals in voltage signals
and amplify them. The circuit scheme is shown in Figure 3.21(b). The circuit pro-
vides the voltage signals V1 and V2, which are also amplified according to the value
of the feedback resistors (15.05 kΩ) by means of the two operational amplifiers
contained in a TL082 dual-in-line chip circuital element (Texas Instruments, TX,
USA). The position of the light beam pPSD is then retrieved by applying Equation
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3.10. The capacitors between the supplies and ground are used to filter noise.
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Figure 3.21: New SiTek PSD chosen for the first generation prototype. (a) Picture with comparison
between the previous PSD (on the left) and the new one (on the right), which is clearly more
compact. (b) Schematic of the transimpedance circuit.

3.8.2 Second generation prototype

Eventually, a second generation prototype was designed with the aim of making
the sensing platform compact and optimized to be inserted in a commercial pump
for infusion of fluids. Thus, Fluid-o-Tech and Proto-Lab provided a 3D-printed
plastic shell purposely designed to replace the bench mechanical mountings pre-
viously used (purchased from Thorlabs, NJ, USA) and to integrate all the optical,
electronic and fluidic components (Figure 3.22). The cuvette with the connec-
tors, blocked against the mirror by means of two springs, is the only component
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that needs to be changed after every use. The bulky and expensive bench current
driver was substituted by a smaller programmable electronic board (provided by
Fluid-o-Tech) with an area of about 4 cm × 7 cm, which provides a fixed value
of current. Moreover, a small and compact Analog Discovery 2 (Digilent, WA,
USA) was used instead of the oscilloscope. It is a multi-function electronic board,
which also includes a two-channel input oscilloscope option. USB-connected to a
computer, it is driven by the WaveForms software and it is also be used as analog-
to-digital converter to acquire experimental data. The glass lens previously used
(see Section 3.6) was replaced with a low-cost plastic lens (CAY033, Thorlabs,
NJ, USA) with similar characteristics (focal length of 3.3 mm, numerical aperture
equal to 0.40), allowing to reduce the overall cost. The distance between the laser
and lens can be adjusted thanks to the presence of a spring.

PSD

3D PRINTED 
CONNECTOR

3D PRINTED 
CONNECTOR

MIRROR

LENS

LASER

CUVETTE

SPRINGS BOARD FOR 
LASER SUPPLY

(a) (b)

Figure 3.22: Second generation prototype. (a) 2D section of the 3D-printed polymeric shell con-
taining all the components. (b) 3D section of the configuration.

3.9 Prototype testing

The first generation prototype was employed to carry out experimental measure-
ments to detect and distinguish the six commercial AN mixtures with different RI
presented in Section 3.2 (see Table C.6).
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3.9.1 Calibration

First, the sensor was conveniently calibrated by testing solutions of glucose and
water, according to the usual procedure, also to verify the performances of all
opto-electronic components and in particular of the low-cost mirror, that is not
specifically manufactured for optical sensing. The laser current was set equal to
23.7 mA. The V1 and V2 signals were directly acquired using the Digilent board and
the light beam position measured by the PSD was retrieved by applying Equation
3.10. Then, the shiftXexperim for every glucose-water dilution tested was retrieved
through Equation 3.11 and fitted as a function of the solution RI, considered at the
emission wavelength of the laser (670 nm). The linear calibration curve, reported
in Figure 3.23 (black trace), has equation

Xexperim = 13960 ·RI − 18600 (3.12)

and the sensitivityS = 13690 μm/RI is in agreement with the theoretical predictions
(see Section 3.5.3).

S = 13960 µm/RIU

R2 = 0.988

Figure 3.23: Experimental calibration curves obtained testing the first generation prototype with
water-glucose solutions.

3.9.2 Test of AN fluids

After the calibration procedure, AN fluids were tested. Samples were prepared by
mixing amino acids and electrolytes with glucose (initially contained in different
compartments of the bag) few minutes before starting the experiments. Test mea-
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surements were repeated in three different day within a week from the preparation
of the samples, following the recommendation of the pharmacy of SanMatteo hos-
pital. After opening, bags with AN mixtures were stored in a refrigerator at 4 °C.
To simulate a realistic situation where the sensing platform is initially calibrated
using a reference fluid, measurements were carried out by first flowing in the cu-
vette a solution of 0.9% sodium chloride (NaCl) in distilled water (also known as
injectable physiological solution) and then an AN fluid. The procedure was re-
peated for all the six AN mixtures. The position of the light beam pPSD measured
by the PSD for all the samples tested is reported in Figure 3.24(a). The position
stays almost constant when testing NaCl solution, while it varies when testing AN
fluids with increasing RI. Then, the experimental shift of the light beam position
Xexperim was retrieved for every AN fluid: it is reported as a function of the theo-
retical RI (see Table C.6) in Figure 3.24(b) and its behaviour is compared with the
calibration curve previously obtained (see Figure 3.23). The experimental data are
well distributed along the calibration curve meaning that it can be correctly used to
detect the RI of the AN fluids. Testing of the ANmixtures was repeated 4 times, as
can be better appreciated in the zoomed inset of Figure 3.24(b): the repeatability
of the measurement is good.
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Figure 3.24: Experimental testing of AN mixtures. (a) Beam position pPSD for reference NaCl
solution and AN fluids. (b) Xexperim for the tested AN fluids in comparison with the calibration
curve. In the inset, a zoomed view is reported, showing the four repetitions of the measurement.

The experimental shift obtained for the six AN fluids is reported in the barchart
of Figure 3.25(a): the height of each bar represent the average value of Xexperim,
while the black segments have a length that is equal to twice the standard deviation.
The barchart highlights that every ANmixture can be perfectly distinguished from
all the others since the values of the experimental shift are significantly different,
also considering their standard deviations. Eventually, the RI of the AN mixtures
measured with the opto-fluidic sensor was retrieved by inverting the equation of
the calibration curve (Equation 3.12). These values were then compared with the
theoretical values estimated at 670 nm (reported in Table C.6, as reported in Figure
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3.25(b). Each couple of values measured RI-estimated RI is well located on the
black line that represent the bisector, meaning that the measured values of RI are
in a very good agreement with the predictions obtained computing Equation 3.1.

(a)

(b)
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Figure 3.25: Results of experimental testing of AN mixtures. (a) Barchart representing the experi-
mental shiftXexperim for every AN fluid. (b) Comparison between the RIs measured by the sensor
and the estimated RIs.
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3.10 Preliminary investigation for air bubble detec-
tion

One of the main complications that can arise when artificial parenteral nutrition is
administered to a patient is the formation of air bubbles along the fluidic path that
can eventually flow inside the blood vessel [105, 106, 107]. This phenomenon is
known as embolism and can lead to very dangerous consequences for the patient:
indeed, air bubbles can clog up the vessels and prevent blood from flowing in
a the correct way and can cause stroke, heart attack, pleural effusion. For this
reason, preliminary work has been done to verify if the opto-fluidic platform that
identifies the AN mixtures is also able to detect the presence of air bubbles in the
cuvette, thus eventually present along the fluidic path connecting the bag to the
patient’s vein. In this Section, preliminary results about air bubble identification
are presented.

3.10.1 Optical-based solutions for air bubble detection reported
in the literature

The literature reports some works that present optical-based solutions that can be
implemented for air bubbles recognition in fluids. In [108, 109], the authors devel-
oped a laser optical tomography system to detect the existence of bubbles inside
a vertical column pipeline. Sixteen couples of laser pointers-photodetectors are
mounted in a jig around the circumference of the pipe. The voltage signals gen-
erated by the detectors are acquired and fed to a back projection algorithm that is
able to reconstruct the tomographic images. From the analysis of the images it is
possible to detected the bubbles and estimate their diameter. Jamaludin et al. pro-
posed a similar optical tomography configuration based on four laser diodes and
eight CCD sensors to detected air bubbles in crystal clear water [110]. Here, the
images of captured data are reconstructed based on filtered image of linear back
projection with hybrid algorithms. In another work [111], the authors realized a
dip-in optical probe with an LED and a CCD camera. This solution was patented:
however, this is an invasive approach because the probe needs to be immersed in
the fluid. In [112], the authors proposed two setups for optical counting and sizing
of air bubbles in a clear blood analogue sample. In the configuration for bubble
counting, a laser light is shone onto a transparent cuvette and scattered radiation
is captured by means of a camera located at 30° with respect to the incident beam.
On the other hand, bubble sizing is achieved by using a backlight shadowgraphy
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technique. This technique sizes bubbles based on images of their shadows. The
transparent cuvette is illuminated on the back by a pulsed laser, while a high speed
camera on the opposite side acquires images of the bubble shadows. The perfor-
mances of the proposed methods are then compared with those of two commercial
instruments based on ultrasounds, revealing better precision and accuracy in par-
ticular for high flow rates. In 2020, Alfarraj et al. measured the air bubble size
and velocity in diesel using an optical method [113]. They use a 532 nm-Nd:YAG
double-pulse laser with cylindrical lenses to expand the 2-D sheet beam impinging
on a cuvette and a CCD camera to acquire pictures. They were able to measure
number, velocity and size of micro-air bubbles. The proposed optical methods
often rely on complex image processing and bulk cameras or on invasive probes.
Hence, there is still the need for further investigations of smarter andmore compact
systems.

3.10.2 Experimental configuration
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Figure 3.26: Experimental detection of air bubbles. (a) Bubbles injected by means of a syringe
interrupts the laser beam twice (front view). (b) Preliminary setup for bubble detection including
a camera (top view).

In the opto-fluidic platform described in this Chapter, the detection of air bub-
bles (represented in Figure 3.26) is based on the observation that when a bubble
crosses the fluidic channel (i.e. the cuvette) in the direction of the liquid flow, it
encounters the laser beam twice (once the incident beam and once the beam re-
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flected by the mirror), causing scattering of light in all directions (Figure 3.26(a)).
Hence, the optical power density radiation that reaches the PSD temporarily be-
comes extremely small (almost equal to 0) and also the photocurrent becomes 0.
Experimental identification of bubbles was carried out using the instrumental con-
figuration, described in Section 3.6, which includes the plastic cuvette vertically
positioned, with minor modifications. Here, the metallization is replaced by a
bulk Al-coated mirror (ME1S-G01 Thorlabs, NJ, USA) and a grey-scale CMOS
camera (FLIR Grasshopper GS3-U3-41C6NIR-C, FLIR Systems, OR, USA) was
added on one side of the cuvette, at 90° with respect to the incident beam (Figure
3.26(b)). The camera is here used just to acquire videos of the passage of the air
bubbles in the fluidic channel and compare them with the voltage signals provided
by the PSD. The camera is exploited only for preliminary testing and is not meant
to be included in the final configuration, where the bubble detection can be made
just exploiting the PSD. Air bubbles are injected using a syringe connected to the
bottom connector by means of a plastic tube. The laser beam is shined towards the
bottom part of the cuvette, close to the connector aperture the bubbles exit from,
in order to detect all the travelling bubbles.

3.10.3 Experimental results

Air bubbles were injected in the cuvette filled with distilled water. The output
signals provided by the PSD (difference V1 − V2 and sum V1 + V2) and videos
recorded by the camera were acquired simultaneously in order to compare them.
The signals provided by the PSDwhen an air bubble interrupts the laser beamwere
then analyzed. Figure 3.27 reports the sum (blue trace) and difference (orange
trace) signals obtained during experimental testing. Both signals become equal to
0 V exhibiting sharp spikes when an air bubble crosses the light beam. The video
acquired with the camera shows that a total number of 10 bubbles were generated
during the experiment: all of them can be correctly detected by the PSD. Indeed,
the signals of Figure 3.27 features a total of 10 sharp spikes.
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Figure 3.27: Experimental results relative to detection of air bubbles.

Moreover, it is particularly interesting to analyze the V1 − V2 and V1 + V2 signals
generated during the crossing of a single bubble and make a detailed comparison
with the video frames recorded by the camera. The graphs in the following are
zoomed views of Figure 3.27 and they corresponds to the detection of only one
air bubble, which crosses the light beam twice. Figure 3.28 shows the situation in
which an air bubble generated by the syringe is leaving the connector and entering
the cuvette. The laser beams (both incident and reflected by the mirror) are not
interrupted by the bubble and thus the PSD measures values equal to about 12.4
V and –0.5 V for V1 + V2 and V1 − V2, respectively, as expected in the presence of
water in the cuvette.
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Figure 3.28: Video frame (left) and PSD signals (right, highlighted by the box) acquired when the
air bubble is leaving the connector and the laser beams are not interrupted yet.
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Afterwards, the bubble starts to cross the channel and it first encounters the inci-
dent laser beam (Figure 3.29). As highlighted by the red rectangle, the sum signal
(V1 + V2) drops to 0 V, it stays constant at this value for few ms, it then exhibits a
narrow peak (indicated by the black star) reaching a value (4 V) much lower than
12.4 V and, then, it drops to 0 V again for few ms. Finally, it jumps back to the
initial value of 12.4 V. On the other hand, the difference signal (V1 − V2) has a
different shape. It also drops to 0 V when the sum signal does but it is then charac-
terized by a double-negative-positive peak, going from –1.3 V to 1.5 V (indicated
by the green stars). The described transient behaviour of the sum and difference
signals is likely due to the fact that, for a very short interval of time, the laser beam
that meets the bubble goes through a different medium, i.e. air.
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Figure 3.29: Video frame (left) and PSD signals (right, highlighted by the box) acquired when the
air bubble is crossing the incident laser beam.

Then, as shown in Figure 3.30, the bubble travels between the incident and re-
flected laser beams, which therefore are not crossed. The sum and difference sig-
nals have the values of 12 V and –0.5 V, respectively, corresponding to the usual
situation in which the light beam is simply travelling in water and does not go
through the bubble, as already stressed in Figure 3.28.
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Figure 3.30: Video frame (left) and PSD signals (right, highlighted by the box) acquired when the
air bubble is passing between incident and reflected laser beams.

Eventually, the air bubble crosses the laser beam reflected by the mirror (Figure
3.31). In this situation, the shape of the signals provided by the PSD is fully compa-
rable to that observed during the first crossing of the incident beam (Figure 3.29).
However, now the transient peaks of V1 + V2 and V1 − V2 signals have higher am-
plitudes (from 0 to 6.6 V and from –2.7 to 3.8 V, respectively). Moreover the time
interval of the bubble crossing (indicated by the green arrow) is now longer with
respect to that of the first crossing, indicated by the black arrow (29.2 ms vs 24.1
ms). This features can be due to the fact that the air bubble seems to undergo a
slight elongation (that can also be appreciated in the image), thus taking more time
to fully cross the laser beam.
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Figure 3.31: Video frame (left) and PSD signals (right, highlighted by the box) acquired when the
air bubble is crossing the laser beam reflected by the mirror.
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Eventually, the bubble keeps moving towards the upper part of the cuvette thus
exiting from the region illuminated by laser light (Figure 3.32). Hence, the sum
signal jumps back to 12 V and the difference signal drops again to –0.5 V.
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Figure 3.32: Video frame (left) and PSD signals (right, highlighted by the box) acquired when the
air bubble is leaving the cuvette. Neither the incident nor the reflected laser beam are interrupted.

This particular shape of the sum and difference signals was reproducible and was
found for almost all the bubbles during the experiments, suggesting it is a charac-
teristic fingerprint of its crossing. Eventually, it was also possible to retrieve the
velocity of the air bubble (Figure 3.33). First, the distance ∆x between the inci-
dent and reflected laser beams (indicate by the black arrow in Figure 3.33(a)) was
retrieved by theoretical computations through the theoretical model, supposing the
bubble crossing the cuvette at its center. It resulted∆x = 0.502 cm. Then, the time
interval ∆τ = τ1 – τ2 necessary to travel the distance ∆x was retrieved from the
analysis of the V1 + V2 signal. In particular, the values of τ1 and τ were retrieved
looking for the half value of the V1+V2 jumps from 12.4 V to 0 V (Figure 3.33(b)),
resulting ∆τ = 0.0348 s. Then, the bubble speed was retrieved as v = ∆x/∆τ =
14.4 cm/s. Then, for further validation of the result, the computation was repeated
considering the video acquired by the camera and the ∆τ between the two frames
showing the bubble crossing the incident and reflected beams. With this method,
∆τ = 0.0342 s and v = 14.7 cm/s. The two experimental techniques lead to the
same result.
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Figure 3.33: Calculation of air bubble velocity. (a) Representation of the distance∆x travelled by
the bubble between the incident and reflected laser beams. (b) Calculation of the time interval∆τ

from the sum signal.

3.11 Conclusions and future work

In this Chapter, I illustrated the research carried out at the Laboratory of Elec-
troOptics in the framework of the DSF project, founded by Regione Lombardia,
to realize an opto-fluidic platform that correctly distinguishes mixtures used for
artificial parenteral nutrition. The AN mixtures considered in this work contains
water, glucose, amino acids and electrolytes in different concentration and they
can be distinguished on the basis of their RI. The final goal is the realization of a
smart opto-fluidic sensor that can be integrated into commercial pumps for infu-
sion and used to improve the quality of life of patients treated with AN at home.
The principle of operation of the sensors is based on the use of a semiconductor
laser beam that crosses a fluidic channel, provided with reflectors, containing the
fluid under test: thus, the beam is deflected according to the RI of the sample and
its position is detected using a PSD. The performances of different types of fluidic
channels (glass micro-capillaries, IBIDI μ-Slides and cuvettes) were investigated,
both theoretically and experimentally. Exploiting the technology previously de-
veloped and already described in Chapter 2, single and multiple bounce configu-
rations were considered. It was demonstrated that the sensitivity of the measure-
ments depends on the length of the optical path and it is directly proportional to
the number of bounces N . After preliminary testing with water-glucose dilutions,
industrial prototypes of the opto-fluidic sensing platform were designed. Cuvettes
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were chosen as fluidic channels since they are easy to handle and can be simply
exploited in the single bounce configuration. Indeed, the much longer optical path
allows to strongly enhance the sensitivity even with a single bounce. After testing
a first generation prototype, a second generation prototype was realized by choos-
ing low-cost electro-optical and fluidic components to optimize the instrumental
configuration and realize a compact cost-effective platform that can be integrated
in pumps for infusion. The first generation prototype was successfully exploited
to test six AN mixtures: they can be distinguished without ambiguity. Moreover,
by properly calibrating the sensor with a reference fluid (NaCl) it is also possible
to retrieve the RI of each fluid. The measured values were found to be in good
agreement with the estimated theoretical values. Eventually, preliminary work
was started to use the opto-fluidic platform also for detection of air bubbles. In-
deed, they can originate along the fluidic path causing embolism with dangerous
consequences for the patient. Since every particle that intercept the laser beam pro-
duces a strong scattering effect, air bubbles can be detected by looking for sharp
variations of the signals detected by the PSD. Air bubbles were correctly counted
and their velocity was estimated.

Lot of work can be still done in the framework of this project. For example,
future measurements on AN mixtures will be repeated in dynamic conditions (i.e.
with the samples flowing in the fluidic circuit) to simulate a realistic situation
where the fluids are infused to the patient. Afterwards, in order to further simplify
the system, the PSD could be replaced by a photodiode and the readout could be
done based on the observation that when the laser beam is deflected, the laser spot
onto the photodiode is partialized. Furthermore, here I did not consider AN mix-
ture containing also lipids since they strongly scatters light and they can not be
identified with the developed readout method. Hence, future work will be devoted
to the investigation of new techniques to identify this type of liquids. For ex-
ample, imaging methods based on speckle pattern analysis could be investigated.
Moreover, further analyses can be done on bubble detection to gather more precise
information on velocity, shape, size and movement of the bubble. The technique
could also be applied to detect different types of particles.



Chapter 4

Conclusions and future works

The research that I have carried out at the Laboratory of ElectroOptics of the Uni-
versity of Pavia during my Ph.D. focused on the design and realization of smart
micro-opto-fluidic sensing platforms for chemical and biological analyses, ex-
ploiting label free, remote, contactless and non-invasive techniques. Moreover,
a important goal was the use of well-established opto-electronic instrumentation,
traditionally developed in the visible and near infrared spectral regions for telecom
applications, and low-cost commercial fluidic and micro-fluidic channels. Three
sensing platforms were investigated to detect the RI real part and the absorption
spectrum of fluids.
The first sensing platform I developed is based on rectangular glass micro- capil-
laries for high sensitivity measurements of the RI (real part) of liquids in the near
infrared. The readout method exploits spectral interferometry. A Michelson in-
terferometry was set up using a broadband (40 nm) source with central emission
wavelength of 1550 nm. The micro-capillary was located at the end of the mea-
surement arm, while a mirror was positioned at the end of the reference arm. The
interferometric signal was detected in the wavelength domain and optical reso-
nances of micro-capillaries were identified as steep phase jumps. Monitoring the
wavelength shift of the phase drops, RI variations with respect a reference fluids
were detected. Sensitivity in the range 284-362 nm/RIU was found; these values
are comparable with those obtained with more complex systems or sophisticated
micro-fluidic devices, realized with expensive micro-fabrication facilities. More-
over, with respect to the method previously investigated, based on the analysis
of the Tcap/Rcap ratio, the interferometric technique could provide better perfor-
mances. Future work could be devoted to the realization of a more compact in-
strumental setup based on laser diodes and photodiodes, thus not requiring the use
of the optical spectrum analyzer. Moreover, since the proposed analyses are safe
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and non-invasive, also biological samples could be investigated.
I also demonstrated the integration of rectangular glass micro-capillaries in an-
other micro-opto-fluidic configuration for detecting the spectroscopic features of
water-alcohol mixtures in the near infrared region from 1.0 to 1.7 μm. Indeed, the
absorption spectrum is a characteristics “fingerprint” that identifies molecules is
a unique way. The micro-capillaries were customized with sputtering deposition
of thin metallic layers. This simple and low-cost technology allows to fabricate
smart devices provided with integrated reflectors, so that they can be exploited
to arrange single or multiple bounce configurations. Thus, light can bounce once
or multiple times inside the channel to obtain different pathlengths of the light
beam in the sample. The multiple bounce configuration allowed to distinguish al-
coholic mixtures polluted by adding concentrations of water smaller than 1%. In
future advancements, the same readout method could be applied using different
optical sources (such as lasers and LEDs) to study the absorption features of new
molecules that exhibits interesting absorption peaks in the SWIR region (such as
creatinine and salicylic acid). An initial step in this direction was made studying
the absorption of urea at 2150 nm, as I presented in Appendix B as side activity of
my Ph.D.
My research activity was then focused on the demonstration of an opto-fluidic
platform for the identification of mixtures used in parenteral artificial nutrition.
This activities was carried out in collaboration with the DICAr of the University
of Pavia and the company Fluid-o-Tech, within the DSF project founded by Re-
gione Lombardia. The principle of operation of the sensor is based on the use
of a red laser beam that crosses a fluidic channel, provided with reflectors, con-
taining the fluid under test: thus, the beam is deflected according to the RI of
the sample and its position is detected using a PSD. The performances of differ-
ent types of fluidic channels (glass micro-capillaries, plastic IBIDI μ-Slides and
and standard polystyrene cuvettes) were investigated, both theoretically and ex-
perimentally. Afterwards, square-section cuvettes were chosen to realize compact
low-cost industrial prototypes, suitable for integration in commercial pumps for
infusion. One prototype was successfully exploited to distinguish six different
type of AN fluids. Moreover, preliminary work was done for simultaneous detec-
tion and counting of dangerous air bubble that can generate along the fluidic path
using the same optical configuration. Lot of work must still be done in the frame-
work of this project. Surely, future measurements on AN mixtures will be done
in dynamic conditions to simulate a realistic condition of infusion of the liquids
to the patient’s veins. Then, identification of scattering AN mixtures containing
lipids must be pursued using a different optical technique, for example based on
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laser speckle pattern. Moreover, the platform could be further miniaturized by re-
alization of an integrated lab-on-chip that includes all opto-electronic and fluidic
components. This device could be large-scale produced using silicon technologies.
Eventually, an additional part of my research was conducted at Nanometer Scale
Engineering Laboratory of Boston University. In particular, I applied traditional
laser interferometry to characterize themechanical properties of NEMS resonators,
both in-thermal noise conditions and under electro-thermal actuation, in particular,
demonstrating that different actuation patterns were able to excite odd or even
resonant modes with different amplitude.



Appendix A

Measurement and characterization
of nano-electro-mechanical systems
using laser interferometry

During my Ph.D. program, I spent six months at the Photonics Center of Boston
University (Boston, MA, USA) as visiting researcher. There, I worked in the
Nanometer Scale Engineering Laboratory under the supervision of Prof. Kamil
L. Ekinci. In particular, I focused my attention on the exploitation of laser inter-
ferometry to measure and characterize the mechanical properties of nano-electro-
mechanical systems (NEMS). The resonant mechanical modes of doubly-clamped
nano-beam resonators were first characterized using their thermal fluctuations in
air. Afterwards, the NEMS devices were electro-thermally actuated, and their fre-
quency responses were measured, also in air. The main novelty in this work is the
simultaneous use of two electro-thermal actuators integrated on opposite ends of
the NEMS, which could selectively actuate higher order modes based on the rel-
ative phase difference (of 0°, 45° or 90°) applied between the two actuators. All
the measurements were carried out with a homodyne Michelson interferometer,
allowing for ultrasensitive contactless, non invasive, remote, and nondestructive
analysis. The results of this research were published in [114].

A.1 Introduction

In recent years, nano-electro-mechanical systems have attractedmuch interest from
the scientific community [115, 116]. They are similar to micro-electro-mechanical
systems (MEMS), but are able to attain even better performance limits by virtue of
their sub-micron dimensions. Because of their interesting characteristics, NEMS
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have found applications in several fields of science and technology, in particu-
lar as sensors and actuators. In sensing, they have been used for analyzing gas
properties [117], mass spectrometry [118, 119], force detection [120], and iner-
tial imaging [121]. Moreover, higher order modes have recently been exploited in
some applications, such as mass and stiffness sensing [122] and quality factor con-
trol [123]. Since these nano-devices are often operated in their resonant modes,
characterization andmeasurement of the resonance frequencies are of fundamental
importance. Laser interferometry is a powerful measurement technique based on
the use of highly-coherent light for the detection of displacements on the order of
femtometers [26]. An optical interferometer offers several advantages: it allows
for non-invasive, non-contact, and remote analysis of the device of interest with-
out applying any type of external stimulus or stress. Moreover, an interferometric
measurement is nondestructive, allowing the same device to be tested many times
and in different conditionswithout damaging the device. Because of these features,
optical interferometry has already been widely exploited for the characterization
of MEMS [124, 125, 126]. In this work, a He-Ne-based Michelson interferometer
was used for characterizing the frequency response of suspended doubly-clamped
nano-beams. First, the NEMS devices were characterized by their thermal fluctu-
ations in air, and mechanical resonances up to the fifth harmonic were detected.
Subsequently, the nano-beams were driven electrothermally, using a double drive
scheme based on phase-shifted voltage signals, and their responses were studied
in air.

A.2 Doubly-clamped suspended beams

The nano-electro-mechanical systems investigated in this work are suspended dou-
bly -clamped beams, fabricated on a silicon nitride layer over a silicon substrate
[127]. Each beam has two nano-fabricated gold electrodes (one at each extremity)
that are used for actuation of the device. The beams have widthWNEMS = 950 nm,
thickness tNEMS = 100 nm and length LNEMS varying in the range 5-60 μm. Fig-
ure shows a scanning electron microscope image of an entire chip with 16 devices
(a), a single NEMS suspended beam (b), and the area of a single device where one
of the gold electrodes is fabricated (c).
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Figure A.1: (a) Scanning electron microscope images of a chip with 16 suspended nano-beams.
(b) A single suspended SiN beam. (c) Zoomed area showing one of the gold electrodes at each end
of the beam used for actuation.

A.3 Electro-thermal actuation

The devices were actuated exploiting the electro-thermal effect [128]. When a
voltage is applied to the gold electrode, a current flows through the metallic layer.
This causes Joule heating of the electrode, resulting in a temperature increase and
subsequently thermal expansion of the electrode and the beam. Since gold (Au)
and silicon nitride (SiN) have different thermal expansion coefficients αthermal

(αthermal Au = 12 · 10−6 K−1, αthermal SiN = 3.3 · 10−6 K−1), this differential ther-
mal expansion produces a mechanical deformation of the structure and hence actu-
ates flexural motion of the beam. In this work, we used a double actuation scheme
(Fig. 2): the beams were driven by applying two sinusoidal voltage signals, V1

and V2, at the two gold electrodes on both ends. The two signals had the same
amplitude VAC and their frequency ω0/2 was varied simultaneously. The phase
difference between them was set equal to 0°, 45° or 90°. These particular values
of phase difference were chosen because Joule heating actuates mechanical motion
at twice the value of the frequency of the applied voltage. Indeed, the dissipated
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electrical power P is proportional to the square of the drive voltage:
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Hence, 0°, 45° and 90° phase differences in the two drive voltages exert forces
to opposite ends of the beam with 0°, 90°and 180° phase difference, respectively,
which allow us to observe specific conditions and modes. The dissipated power
at each electrode is given by the sum of a DC term and an AC term oscillating at
frequency ω0.
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Figure A.2: Double-side electro-thermal actuation. The nano-beams were actuated on both sides
by applying two cosinusoidal voltage signals, V1 and V2, with equal amplitude, equal frequency,
and relative phase of 0, 45 or 90°.

A.4 Homodyne Michelson interferometer

Figure A.3 shows the setup used for the experimental measurements. It is a ho-
modyne free-space Michelson interferometer, where both the measurement and
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the reference beam have the same optical frequency. Light from a He-Ne laser
(Research Electro-Optics Inc., CO, USA), emitted at a wavelength of 633 nm, is
directed through an optical isolator, to protect the source from unwanted back-
reflections, a series of beam expander optics and a half-wave plate towards a cube
polarized beam splitter (PBS). The plate allows for adjusting the polarization and
thus for controlling the fraction of light that is reflected or transmitted by the beam
splitter. The reflected beam is redirected along the reference arm of the inter-
ferometer. It crosses a quarter-wave plate, and it reflects from a moving mirror
mounted on a piezo transducer, connected to a proportional integrative-derivative
(PID) controller. Hence, the entire optical interferometer is in a closed feedback
loop so that the path length of the reference arm can be adjusted to compensate for
slow mechanical and optical path variations and to keep the system in the point of
optimal sensitivity. The transmitted beam (measurement beam) crosses a quarter-
wave plate, is focused by an objective lens with a magnification of 100X and a
numerical aperture of 0.5 onto the sample under test, and it is back reflected to
the PBS. The double pass through the quarter-wave plate shifts the polarization so
that light can be reflected when it reaches the PBS. A series of lenses, a white light
lamp and a camera (CX-ST50, Sony, Japan) are located along the measurement
arm: they constitute a microscope system, which allows for monitoring in real-
time the location of the laser spot with respect to the NEMS device. The reference
and measurement beams are carefully aligned so that they can overlap and be di-
rected towards another PBS. The two light beams are then focused through lenses
onto two photodiodes (PD). One (PDA8A, Thorlabs, NJ, USA) carries the signal to
the PID controller and is used for feedback stabilization; the other one (NewFocus
1801-AC-FS, Newport, CA, USA) is used to measure the nano-beam displace-
ments and is connected to a spectrum analyzer (FieldFox N9918A, Keysight, CA,
USA) for thermal noise measurements or a lock-in amplifier for driven measure-
ments.
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Figure A.3: Homodyne Michelson interferometer used to carry out the experimental measure-
ments. Coherent light emitted by a He-Ne laser is divided by a polarized beam splitter (PBS) be-
tween the measurement arm (highlighted in green) and the reference arm (highlighted in orange).
After recombination of the two beams, light is splitted by another PBS and directed towards two
photodiodes (PD). One is used to carry out the measurement of the nano-beam displacement. The
other PD provides the feedback signal for a proportional integrative-derivative (PID) controller for
moving the mirror in order to stabilize the optical path.

A.5 Theory of homodyne interferometry

In homodyne interferometry, the reference and the sample beam are at the same
wavelength λ, and a change in the optical path of one of the arms results in a
change in the interference path and thus the intensity of the light measured by the
photodetector. If the reference and measurement arms have total lengths of Lr and
Lm−2 ·dsample, respectively, the complex electric fields

−−−−−−→
Ereference and

−−−−−−−−→
Emeasurement

at the photodetector are given by

−−−−−−−−→
Emeasurement = Em · ei·[ω·τ+k·(Lm−2·dsample)] (A.2)
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−−−−−−→
Ereference = Er · ei·(ω·τ+k·Lr) (A.3)

where Em and Er are the electric field amplitudes, i is the imaginary number, ω is
the pulsation, k is the wavevector and 2 · dsample is the variation in the sample arm
length due to the movement of the NEMS device under test. The subscripts “r”
and “m” refer to the reference and measurement signals, respectively. Then, the
total intensity detected by the photodetector due to the interference between the
two light beams is

Iph ∝ |
−−−−−−−−→
Emeasurement +

−−−−−−→
Ereference|2

= E2
m + E2

r + 2 · E2
m · E2

r · cos[k · (Lr − Lm) + 2 · k · dsample]
(A.4)

If the displacement is much smaller than the wavelength (i.e. 2·dsample ≪ λ, then
Equation A.4 can be approximated as

Iph ≃ (E2
m + E2

r ) + 2 · E2
m · E2

r · cos[k · (Lr − Lm)]

− 4E2
m · E2

r · k · dsample · sin[k · (Lr − Lm)]
(A.5)

The intensity Iph is thus given by a constant background factor (the two first terms
of Equation A.5) and a term that is proportional to the displacement of the de-
vice dsample (last term of Equation A.5). Moreover, Lr–Lm =M ·λ/4, withM odd
integer number, represents the condition of maximum sensitivity because the back-
ground is minimized, and the term proportional to the displacement is maximized.
Hence Equation A.5 reduces to:

Iph = (E2
m + E2

r )− 8 · π · E2
m · E2

r · λ (A.6)

The path-length stabilization system previously described and constituted by the
moving mirror and the PID controller is used to lock the optical path in the inter-
ferometer to the condition described by Equation A.6.

A.6 Experimental results

Experimental thermal-noise response and driven responsemeasurements were car-
ried out for a beam with length LNEMS = 40 μm. First, the thermo-mechanical re-
sponse of the device in air was studied by measuring the displacement fluctuations
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of the nano-beamwithout applying any kind of external force. In this situation, the
motion of the beam is caused by the thermal fluctuations in the surrounding fluid
due to the finite temperature (Brownian motion). In particular, the air molecules
surrounding the beam collide with the beam in a random way and transfer their
momentum to the beam, which in turn actuates the beam motion. Results of these
experimental measurements are shown in Figure A.4. Mechanical resonant modes
up the fifth harmonic were detected at a position of 0.25LNEMS . In particular, the
first resonant mode is at a frequency fres 1 = 2.39 MHz, while higher order modes
are located at frequencies that roughly satisfies the condition fres m = m · fres 1,
where m is the order of the mode (fres 2 = 4.77 MHz, fres 3 = 7.34 MHz, fres 4 =

10.23 MHz and fres 5 = 13.40 MHz).

1st mode
fres 1 = 2.39 MHz

2nd mode
fres 2 = 4.77 MHz

3rd mode
fres 3 = 7.34 MHz 4th mode

fres 4 = 10.23 MHz 5th mode
fres 5 = 13.40 MHz

Figure A.4: Spectrum of thermal fluctuations measured in air of a nano-beam with length LNEMS

= 40 μm. Mechanical modes up to the fifth were detected.

Afterwards, the nano-beam was electro-thermally driven in air by applying two si-
nusoidal voltage signals V1 and V2, at the two gold electrodes fabricated at the two
ends of the beam. V1 and V2 both had amplitudes of 200 mV, and their frequencies
were varied simultaneously to measure the beam response in the frequency range
1-15 MHz. Moreover, phase difference between the two drive voltages was set
to 0°, 45° or 90°, as explained in Section A.3. The experimental results, shown
in Figure A.5, were repeated three times by moving the position of the laser spot
along the beam as shown in Figure A.5(a). The measurements reported in Figure
A.5(b) were performed at the center of the beam (i.e., positioning the laser spot at
0.5LNEMS), where it is possible to detect only the odd modes, since the amplitude
of the even modes is zero at this position [129]. It is evident that first, third and
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fifth mode are strongly excited when the relative phase shift between drive sig-
nals is equal to 0° (red trace), while their amplitudes decrease by a factor of 1.5
when the phase difference is set to 45° (green trace). The amplitudes become even
smaller when the phase shift is 90° (blue trace). At position 0.25LNEMS (Figure
A.5(c)), drive signals with phase difference of 0° can excite the odd modes more
strongly. On the other hand, when the phase difference is equal to 90°, the second
and forth modes have higher amplitude and the first, third and fifth modes have
nearly zero amplitude. In the case of a phase shift of 45°, all resonances can be
excited with similar amplitude. Finally, measurements were repeated by position-
ing the beam spot at location 0.33LNEMS (Figure A.5(d)). Measurements at this
position are similar to those at 0.25LNEMS since the two positions are very close.
The amplitude of the third mode is very small for every phase shift value because
it has a zero-crossing very close to this position.

(b)

(d)(c)

0.25 LNEMS 0.5LNEMS

0.33 LNEMS

laser spot positions (a)

Figure A.5: Results of driven measurements carried out for a beam with LNEMS = 40 μm in air.
(a) The three positions where the measurements were performed. Device response was studied at
0.5LNEMS (b), 0.25LNEMS (c), and 0.33LNEMS (d).

A.7 Conclusions

Laser interferometry is a powerful measurement technique that can be exploited
to perform contactless, remote, non destructive measurements on NEMS devices.
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In this work, a free-space Michelson interferometry was exploited to characterize
the mechanical frequency response of doubly clamped nano-beams. In particular,
a beam with a length of LNEMS = 40 μm was investigated. From spectral analysis
of the thermal motion of the beam, the first five resonant modes were detected.
Electro-thermally actuated measurements were also performed in air. The unique
contribution of this work was to drive the nano-beam by exploiting a double ac-
tuation scheme, where two voltage signals were simultaneously applied, one at
each side of the NEMS, with the same amplitude and frequency but with a rela-
tive phase difference set to 0°, 45° or 90°. This resulted in actuation forces on two
ends of the beam that either enhanced or reduced the motion, depending on the im-
posed phase difference. It was observed that when the phase difference between
the signals was 0°, odd modes were excited more strongly, while with a phase dif-
ference of 90° even modes were excited at a higher amplitude. If the phase shift
was set to 45°, it was possible to excite all resonant modes simultaneously. Fu-
ture work could be devoted to carry out other experimental measurements with the
nano-beam dipped in fluids with different density and viscosity to study Brownian
motion and interaction between particles at a nanometric scale.



Appendix B

Multiwavelength fluidic sensing of
water-based solutions in a μ-Slide
channel with SWIR LEDs

In the framework of the research activity presented in Chapter 2 and focused
on NIR spectroscopy in micro-fluidic devices, another instrumental configuration
was designed with the aim of moving towards an amplitude detection scheme that
is more compact, cost-effective and integrable in commercial systems. Hence, a
multiwavelength instrumental configuration, combining SWIR (short-wave infra-
red) LEDs (with emission bands centered at λ = 1.3 μm, λ = 1.45 μm and λ =
2.15 μm) and InGaAs amplified photodiodes, has been applied for contactless flu-
idic sensing by measuring light intensity transmittance across a polymeric micro-
channel. The sensor was exploited for the measurement of water-based solutions.
In particular, the main goal was to provide a proof of principle of urea detection in
liquid solutions, exploiting urea absorption band around 2.15 μm. The functional-
ity of the system was tested on solutions with urea concentrations from 0 up to 0.2
g/ml (20%), an interesting range for biomedical applications, with good sensitivity
and LoD.

B.1 Introduction

In the last few years, the interest toward the development of sensors for the quan-
tification of fluids composition using short-wave infrared (SWIR) spectroscopy,
that refers to the use of radiation in the wavelength region between 1.0 and 2.5
μm, is increasing and widespread for several applications, from pharmaceutics and
chemical to food quality and safety [130]. This technique is based on the detection
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of transmitted or reflected radiation to study the analytical composition of sam-
ples that present absorption peaks at specific wavelengths: indeed, the absorption
spectrum as a function of the wavelength is a characteristic “fingerprint” of each
molecule and its concentration. Since SWIR spectroscopy is based on relatively
weak and broad overtone and combination bands associated with C-H, N-H and O-
H vibrational transitions [131], it is an emerging powerful approach to study, both
quantitatively and specifically, solutions with water, glucose, ethanol and urea. In
addition, the developments of optoelectronic components and the fabrication tech-
nology of light sources emitting in the SWIR region are improving, pushing many
researchers to work on innovative systems based on SWIR spectroscopy combined
with multiwavelength microfluidic sensing for different purposes [132, 133, 134].
For examples, some works focus on control of milk adulteration with water. In
2016, Ribeiro et al. in [135] developed a platform based on diffuse reflectance
spectroscopy for the detection of milk adulteration with water by observing the
intensity of light, provided by LEDs with specific spectral emission (centered at
1.2 μm and 1.45 μm), reflected by the sample using an InGaAsSb photodiode for
the optical detection. In the same year, Moreira et al. developed a portable digi-
tal photometer that measures the transmittance of NIR radiation (emitted by three
LEDs with emission wavelength centered at 970 nm, 1200 nm and 1450 nm) and
observed that the measured light intensities increases with the addition of water to
milk, for all the three wavelengths used [132]. Two years later, the authors adapted
the prototype to quantify the ethanol content in adulterated gasoline samples, sim-
ply modifying the wavelengths of the three LEDs and the values of the resistances
of the instrumentation circuit: the wavelength value of 970 nm was selected since
it corresponds to a spectral band where there is no information due to absorbance,
whereas sources emitting at 1.45 μm 1.53 μm were selected to analyze spectral
bands in which there is ethanol absorption [136]. In 2020, Mu et al. measured
the ethanol concentration during the glucose fermentation process using an im-
mersion probe and a spectrum analyzer, with the aim to verify the effectiveness
of a semi-supervised learning method based on deep learning for spectral model-
ing. A characteristic peak of ethanol was observed in the wavenumber range of
4790-12000 cm−1 and authors observed that the spectral absorption changes with
ethanol concentration along the fermentation process [134].

Urea (CO(NH2)2) is another interesting biomolecule that often needs to be
identifiedwith high precising. It is themain nitrogenous end product of themetabolic
breakdown of proteins; it is a component of bio-fluids such as blood, sweat, urine,
and milk. Measurement of urea levels in body fluids can provide important in-
formation on renal function and can be used to diagnose kidney diseases. Con-
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ventional analytical techniques for the determination of urea concentration in flu-
ids, such as chromatography and colorimetry, suffer from long time-consuming
sample pre-treatment and are mostly laboratory bound, whereas biosensors have
the advantages of ease of use, portability, specificity, and are suitable for on-site
real time monitoring [137, 138]. Biosensor response is proportional to the con-
centration of urea in the reaction environment, and the output signal may change
based on the transducer type used, such as electro-chemical [139], optical [140],
piezoelectric [141], or thermal [142]. Several studies based on spectrophotometric
measurements agree to indicate the spectral range between 2.15 μm and 2.2 μm
as particularly interesting to determine the amount of urea in solution. In 2019,
Lubnow et al. investigated the variations of the absorption spectra as a function of
the urea concentration, from 0 up to 40%, in the range 1.25-2.5 μm using a Fourier
Transform Infrared (FTIR) spectrometer and a broadband source [143]. For wave-
lengths around 2.2 μm, the absorption coefficient of urea-water solutions increases
with increasing urea concentration, whereas around 1.45 μm and 1.9 μm the ab-
sorption coefficient decreases with decreasing water content. In [144], Suzuky et
al. aimed to verify the peak of sensitive wavelengths of urea and creatinine by
measuring the spectra of the respective single solutions and performing a multiple
regression analysis using the combination of 10 LED sources emitting between
1.4 μm and 2.3 μm. Observing the spectra of differential absorbance between
pure water (reference sample) and urea and creatinine at different concentrations
(measured samples), it was noticed that urea has a strong absorption at 2.2 μm,
whereas the absorption of water is stronger at 1.4 μm and 1.9 μm. In the wave-
length range between 1.6 μm and 1.8 μm, the spectra are almost superimposed as
the urea concentration changes: the flat pattern indicates that the absorption is in-
dependent of the analyte concentration. In another work [145], a multiwavelength
NIR laser absorption method is proposed with the aim to investigate the thickness,
concentration and temperature of aqueous urea solutions between 5 and 40% by
measuring the transmittance of NIR laser diodes through a heated thin-film cuvette
and a FTIR spectrometer in the range between 5500 and 8000 cm−1.

Despite the wide plethora of methods found in the literature for characterizing
water-based solutions, there is still the need to demonstrate simple schemes for
specific contactless, label free and noninvasive on-line detection, on fluid volumes
of a few hundreds of μL. This work demonstrates an optoelectronic instrumental
configuration based on LEDs with three different emission bands in the SWIR
region to perform absorption sensing of water-based solutions, with a particular
interest towards solutions of urea. A commercial micro-fluidic channel is used,
allowing low-cost analyses of ultra-low volumes of sample.
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B.2 Instrumental configuration

The instrumental configuration used for experimental testing is reported in Fig-
ure B.1. LED1300 (LED1300L, Thorlabs, NJ, USA), with emission band cen-
tered at 1300 nm and FWHM = 85 nm and LED1450 (LED1450L, Thorlabs, NJ,
USA), with emission band centered at 1450 nm and FWHM = 105 nm, are com-
bined by means of a 2x1 multimode fiber optic coupler with 50% coupling ratio
(FCMM50-50A-FC, Thorlabs, NJ, USA). The coupler single output is then con-
nected to a fiber-pigtailed aspheric lens (LPF-04-1550-50/125-QM-6-26-3.9AS-
3S-30-1, OzOptics, Canada. After crossing the micro-fluidic channel with an in-
cident angle of a 4° with respect to the normal, to avoid interference effects due to
multiple reflections, the output beam is coupled to another fiber-pigtailed aspheric
lens, identical to the input one. The output radiation of LED1300 and LED1450 can
be analyzed in the wavelength domain with an optical spectrum analyzer (OSA
Agilent 86142B, Agilent Technologies, CA, USA); spectral data are then pro-
cessed inMATLAB environment. Moreover, the output radiation of each LED can
be detected in time domain with an amplified InGaAs photodiode (PDA20CS2,
Thorlabs, NJ, USA) connected to a digital oscilloscope (MDO3034, Tektronix,
OR, USA) for data visualization and acquisition; the contributions of LED1300

and LED1450 are acquired simultaneously. The LEDs are driven with DC current
for spectral analyses, whereas for amplitude measurements they are driven with
squared pulses at a repetition rate of 5 Hz and duty cycle of 40%, with a relative
time delay of 100 ms, providing a current peak of 90 mA corresponding to an emit-
ted peak power of 5 mW (LED1300) and 7 mW (LED1450), approximately. Light
is modulated using a two-channel waveform generator (33500B Series, Keysight,
CA, USA). LED2150 (LED21Sr, Boston Electronics, MA, USA), with emission
band centered at 2150 nm and FWHM ≈ 300 nm, is driven by the manufacturer
driving board (Universal Photon Source Driver, Boston Electronics, MA, USA),
USB connected to a laptop. By means of the software interface, LED2150 was
driven in pulsed regime with repetition rate of 1 kHz, duty cycle of 2% and emitted
peak power of around 1.5 mW. Radiation emitted by LED2150 crosses the micro-
channel and is detected in time domain with an amplified InGaAs photodiode with
extended spectral response up to 2500 nm (PDA10D2, Thorlabs, NJ, USA), con-
nected to the oscilloscope. Data are then analyzed in MATLAB environment, to
separate the contributions of LED1300 and LED1450 (acquired simultaneously) and
extract the average value and standard deviation of the photodetected signal am-
plitude in the time intervals when the considered LEDs are actually on. All mea-
surements are performed with the fluid in static conditions.
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Figure B.1: Instrumental configuration for multiwavelength fluidic sensing. PD: photodiode.
OSA: optical spectrum analyzer.

B.3 Theoretical spectral analysis

A theoretical model was developed in MATLAB environment, to obtain analytical
results to be compared with the experimental data. Light transmission through the
IBIDI channel was described according to the geometrical ray optics approxima-
tion (Figure B.2) and by applying the same equations for transmission described
in Chapter 2. The only difference is that the IBIDI device is here used in a trans-
mission configuration and not in reflection configuration as the micro-capillary.
Hence, no reflectors were exploited in the configuration presented in this Ap-
pendix. The IBIDI μ-Slide was considered as a multi-layer structure composed of
three layers with finite thicknesses (front polymer layer with tf = 180 μm, chan-
nel with d = 800 μm, and back polymer layer tb ≃ 1060 µm) in air. Air RI was
considered equal to 1 and (constant for every wavelength), while the refractive
index of polymer was assumed purely real and equal to 1.52. Absorption losses
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and dispersion due to the polymer were neglected.
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Figure B.2: Schematic representation of the light path through the IBIDI μ-Slide.

The refractive index of the sample filling the channel was modeled as

n3(λ) = n′(λ)− i · kabs(λ) (B.1)

where n′(λ) is the real part, λ is the wavelength, i is the imaginary unit and kabs(λ)
is the imaginary part, as expressed by Equation 2.4. The behaviour of kabs as a
function of the wavelength determines the absorption properties of each molecule,
which are a unique characteristic of every substance. Data about the refractive
index dependence on the wavelength in the spectral region of interest for each
substance are tabulated in the literature [52, 146]. Then, the path followed by
light in the channel and the amount of optical power transmitted at each interface
Tjl were retrieved by applying the Snell and Fresnel formulas, es expressed by
Equations 2.6, 2.7, 2.8, 2.9. The effect of attenuation due to fluid absorption on
the transmittance can be calculated by applying the Lambert-Beer relation for the
transmittance:

Tabs(λ) = e−α(λ)·f (B.2)

whereα is the absorption coefficient given byα(λ) = [4·π·kabs(λ)]/λ, as expressed
by Equation 2.2 and f is the optical path calculated through Equation 2.10. The
wavelength dependence of the overall transmittance is found by multiplying all
the contributions, so in presence of the sample in the channel it is given by:



Appendix B. Multiwavelength fluidic sensing of water-based solutions in a μ-Slide
channel with SWIR LEDs 142

Tsample(λ) =
Pout sample(λ)

Pin(λ)
= T12 · T23 · T34 · T45 · Tabs(λ) (B.3)

When the channel is empty (i.e. filled with air). the transmittance is given by

Tsample(λ) =
Pout air(λ)

Pin(λ)
= T12 · T23 · T34 · T45 (B.4)

Eventually, we define as spectral response the ratio Tsample/Tair (as a function of
the wavelength, as expressed by Equation 2.19) where additional absorption ef-
fects due to the polymer would be canceled out and therefore have been neglected
in the model.

B.4 Spectral results

Theoretical spectral analysis was carried out considering ethanol-water mixtures
with concentration of ethanol expressed in % of volume of 7.5%, 25%, 86.4%
and 96%. Figure B.3(a) shows the theoretical spectral responses Tsample/Tair in the
wavelength range 1000-2500 nm. In the same figure, the measured emission spec-
tra of LED1300 (red dashed-dotted trace) and LED1450 (blue dashed-dotted trace),
both normalized to their maximum value, are also reported. The approximate line-
shape of the emission spectrum of LED2150 shown in the same graph (black dashed-
dotted trace) has been deduced from the typical, nominal behavior reported in the
datasheet. A comparison between the results of numerical simulations and exper-
imental measurements carried out by inserting deionized water and ethanol 96%
(Dilmoor S.p.A., Italy) in the microfluidic channel, is reported in Figure B.3(b).
The measurements were performed by means of the OSA, with resolution band-
width of 10 nm, using the LED1450 as the optical source. The good agreement be-
tween theoretical predictions and experimental results, although shown here only
in the range 1.35-1.5 μm, but verified in a larger NIR range using a Tungsten lamp
as a light source, supports the hypothesis that a similar agreement would be en-
sured also in other spectral regions.
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(a)

(b)

Figure B.3: Spectral results. (a) Theoretical spectral responses Tsample/Tair considering water-
ethanol solutions in different concentrations as filling fluids (solid traces); red dashed-dotted trace:
normalized emission spectra of LED1300; blue dashed-dotted trace: normalized emission spectra of
LED1450; black dashed-dotted trace: normalized emission spectrum of LED2150. (b) Comparison
between the results of numerical simulations and experimental measurements, using LED1450 as
optical source.

B.5 Experimental results of multiwavelenght sens-
ing

Asmentioned in SectionB.2, for amplitude transmittancemeasurements, the LEDs
were driven with pulsed waveforms and the photodetected signals were acquired
with the oscilloscope. Typical examples of signals collected in the time domain,
consisting in a sequence of 15 acquisitions, are reported in Figure B.4. The results
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obtained with LED1300 and LED1450 (turned on and off out-of-phase as follows
from the pulsed driving) are shown in Figure B.4(a). Each 2-s-long sample refers
to a different filling fluid, namely air, water and ethanol-water solutions with in-
creasing ethanol concentrations. The results obtained with LED2150 are shown in
Figure B.4(b). Each 20 ms-long sample refers to a different filling fluid, namely
air, water and ethanol-water solutions for increasing ethanol concentration. The
acquired sets of signals, each one taken by filling the channel with the sample
and then discarding it by pushing air, are depicted in the graphs as a continuous
sequence, to better highlight the amplitude changes due to the different filling flu-
ids.

(a)

(b)

ჽჽ ჽჽ ჽჽ ჽჽ ჽჽ

ჽჽ ჽჽ ჽჽ ჽჽ ჽჽ

air

air

% ethanol

% ethanol

0%

96%

0%

96%

Figure B.4: Photodetected signals in time domain obtained by flowing the channel water-ethanol
solutions. (a) Acquisition of LED1300 and LED1450 signals turned on-off, out of phase. (b) Acqui-
sition of LED2150 signals.
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Then, the amplitude responsivity

Ψλ(C) =
Vsample(C)

Vair

(B.5)

was considered for solute concentration detection. The subscript λ = 1300, 1450,
2150 specifies the considered LED source, Vsample and Vair are the average ampli-
tude of photodetected signals in the time intervals when the corresponding LEDλ is
actually on, in presence of a fluid sample or air in the channel, respectively. Vsample

depends on the concentration C of the solute (in w/v, weight/volume, g/ml for
urea-water and glucose-water solutions, or v/v, volume/volume, ml/ml for ethanol-
water solutions) in the tested solution. To relate the amplitude measurements to
the spectral transmittances, it is reasonable to suppose that Ψλ is proportional to
the integral, over the emission bandwidth of the corresponding LED, of the spec-
tral responsivity Vsample/Vair. Then, the absorbances As,λ and AH2O,λ due to the
solute and water, respectively, can be expressed as

As,λ = εs,λ · C · F (B.6)

AH2O,λ = εH2O,λ · CH2O · F (B.7)

Moreover, the total attenuation or total transmission losses Lt induced by the pres-
ence of the sample in the channel can be expressed as:

Lt = −log10

(
Pout sample

Pout blank

)
= As,λ + AH2O,λ + Ln′

= εs,λ · C · F + εH2O,λ · CH2O · F + Ln′

(B.8)

where Pout sample is the transmitted optical power in presence of the absorbing sub-
stance in the solution, Pout blank is the transmitted optical power in presence of the
solvent only or blank solution, CH2O is the water concentration, n′ is the real part
of the refractive index of the fluid, F is the geometrical path, εs,λ and εH2O,λ are the
molar extinction coefficients of solute and water, respectively [50, 147]. Ln′ ac-
counts for the transmission losses at the inner interfaces of the channel microslide
due to the refractive index difference between the polymer and the fluid sample.
Note that Ln′ decreases for increasing n′, thus for increasing values of C of all
tested analytes, since transmittance at the interfaces increases with n′. Losses due
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to scattering were here neglected. In order to correlate the theoretical analysis with
the experimental results, since

Pout sample

Pout blank

=
Vsample(C)

Vair

(B.9)

then, transmission losses can be estimated from the experimental measurements
as follows:

Lt = −log10

(
Pout sample

Pout blank

)
= −log10Ψλ(C) (B.10)

Combining Equations B.8 and B.10, the amplitude responsivity can be written as
a function of the molar extinction coefficients and concentrations:

Ψλ(C) = 10−(εs,λ·C·F+εH2O,λ·CH2O·F+Ln′ ) (B.11)

Since only two-substance mixtures are analyzed in this work, whose effect is sup-
posed to be independent, it holds that CH2O ≈ 1 - C , thus

Ψλ(C) = 10−(εH2O,λ·F+Ln′ ) · 10−(εs,λ−εH2O,λ)·F ·C) = Bλ · 10−(εs,λ−εH2O,λ)·F ·C) (B.12)

where

Bλ = 10−(εH2O,λ·F+Ln′ ) < 1 (B.13)

for |(εs,λ − εH2O,λ) ·F ·C)| < 0.1, Equation B.13 can be approximated as follows:

Ψλ(C) ≃ Bλ − Bλ · (εs,λ − εH2O,λ) · F · C (B.14)

where the last term in highlights the linear dependence ofΨλ(C) on the solute con-
centration C. Since LED sources are not monochromatic, Lambert-Beer is just an
approximation. For example, we cannot recover the exact wavelength dependence
of the terms Bλ and εs,λ − εH2O,λ. Nevertheless, from the experimental measure-
ments of Vsample and Vair we can obtain the behavior of Ψλ(C) as a function of the
concentration C of the solute, for all three considered wavelength ranges. Figure
B.5(a) shows the experimental results of Ψλ(C) for ethanol-water solutions at dif-
ferent concentrations. Red, blue and black markers refer to the average and stan-
dard deviation of the photodetected signals due to LED1300, LED1450 and LED2150,
respectively, for the following concentration C (ml/ml) of ethanol: 0, 0.005, 0.01,
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0.025, 0.05, 0.075, 0.1, 0.165, 0.25, 0.33, 0.5, 0.768, 0.864 and 0.96 ml/ml. The
lines with matching colors in Figure B.5(a) are shape-preserving interpolations of
the data (cubic spline with adjusted parameters). A linear dependence of Ψλ(C)

on C with high coefficient of determination R2 is found for 0 < C < 0.5 ml/ml,
thus for low ethanol concentration, as shown in Figure B.5(b), where the lines
with matching colors represent the best linear fittings of the experimental data.
The linear dependence of Ψλ(C) on C, for C < 0.5, substantially agrees with the
linear dependence predicted by Equation B.14. For increasing concentration of
ethanol in water, Ψλ(C) increases with C, i.e. ∆Ψλ(C)/∆C > 0 for all considered
wavelength ranges. In particular, Ψ1300 > 1 V/V for C > 0.6 ml/ml since water
and ethanol absorbances in that range are very small (see spectral responsivity in
Figure B.3(b)), thus have a negligible effect onΨ1300, while the losses Ln′ decrease
due to the substantial increase of n′ with C. In the wavelength bands around 1.45
μm and 2.15 μm, where εetoh,λ < εH2O,λ as reported in the literature [148], by aug-
menting the concentration of ethanol there is a reduction of water concentration,
yielding an overall decrease of the absorbance and thus an increase of Vsample and
hence of the responsivity parameter.
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(a)

(b)

Ψ1300 = 0.08 ∙C – 0.92
R2 = 0.988

Ψ1450 = 0.28 ∙C – 0.33
R2 = 0.991

Ψ2150 = 0.06 ∙C – 0.15
R2 = 0.973

Figure B.5: Experimental results of Ψλ for ethanol-water solutions. (a) Signals due to LED1300,
LED1450 and LED2150 (red, blue and black dots), respectively, for different concentration C of
ethanol. The lines with matching colors in are shape preserving interpolations of the data. (b)
Zoomed view of (a) for 0< C < 0.5 ml/ml. The lines with matching colors represent the best linear
fittings.

Experimental results of Ψλ for glucose-water solutions are reported in Figure
B.6(a). Red, blue and black markers refer to the average and standard deviation
of the photodetected signals due to LED1300, LED1450 and LED2150, respectively,
for the following concentration C (g/ml) of glucose: 0, 0.005, 0.01, 0.025, 0.05,
0.075, 0.1, 0.165, 0.25, 0.33 and 0.5 g/ml. The solution of glucose 0.01 g/ml is
provided by Eurospital S.p.A. (Italy): it is an infusion solution that contains 110 g/l
of monohydrate glucose, that correspond to 100 g/l of anhydrous glucose. Glucose
0.33 g/ml and glucose 0.5 g/ml are provided by Fresenius Kabi S.r.l (Italy); they
contain 363 g/l and 550 g/l of monohydrate glucose, respectively (that correspond
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to 330 g/l and 500 g/l of anhydrous glucose). The other samples are obtained by
diluting these solutions with water. The lines with matching colors represent the
best linear fittings of the experimental data. From the fittings, it was found that for
glucose-water solutions, ∆Ψ1300(C)/∆C = 0.04 (g/ml)−1 > 0 and ∆Ψ1450(C)/∆C

= 0.14 (g/ml)−1 > 0. Since in these bands εglucose « εH2O, the increasing concentra-
tion of glucose does not compensate for the water absorbance decrease: a higher
glucose concentration corresponds to a lower water concentration that yields to an
overall decrease of the absorbance [148]. On the other hand, ∆Ψ2150(C)/∆C = –
0.05 (g/ml)−1 < 0 since in this range εglucose,λ > εH2O,λ and the absorbance increase
due to the addition of glucose compensates for the water absorbance decrease. Ex-
perimental results ofΨλλ for urea solutions are summarized in Figure B.6(b). Red,
blue and black markers refer to the average and standard deviation of the photode-
tected signals due to LED1300, LED1450 and LED2150, respectively, when testing the
following concentration C (g/ml) of urea in water: 0, 0.005, 0.01, 0.1, 0.15 and
0.2 g/ml. The widest range of typical biochemical and biomedical applications
was explored. Urea (J75826 Urea, 99.5+%, Molecular Biology Grade, Ultrapure)
is provided by Alfa Aesar, ThermoFisher Scientific (MA, USA). The lines with
matching colors represent the best linear fittings of the experimental data. Again,
for solutions of urea in water, it was observed that∆Ψ1300(C)/∆C = 0.03 (g/ml)−1

> 0 and ∆Ψ1450(C)/∆C = 0.13(g/ml)−1 > 0. Since in these wavelength regions
(around 1.3 μm and 1.45 μm) εurea,λ « εH2O,λ the increasing concentration of urea
does not compensate for the water absorbance decrease: a higher urea concentra-
tion corresponds to a lower water concentration that yields to an overall decrease
of the absorbance. Thus, the increase of Ψ1450(C) with C is not specific for urea
but it is related to the fact that we are considering water as solvent. As a matter
of fact, we have observed the increase of Ψ1450(C) also for previously consid-
ered mixtures. Then, it was observed that ∆Ψ2150(C)/∆C = – 0.29 (g/ml)−1 < 0,
confirming that, in this region, εurea,λ » εH2O,λ and the absorbance increase due
to urea overcompensates the water absorbance decrease. The absolute value of
∆Ψ2150(C)/∆C for urea-water solutions is larger than that found for glucose so-
lutions, since εurea,λ » εglucose,λ [149]. Concentrations of urea higher than 20 wt%
would be easier to detect, since the induced absorption effect would be stronger
and the optical power is sufficient to ensure a good signal to noise ratio even for a
lower transmittance. However, a linear relationship between urea content and Ψλ

would not held for much higher urea contents.
The amplitude responsivity Ψ2150 was also computed when filling the channel

with solutions of urea in dialyzing fluid (also known as dialysate solution), a non-
sterile aqueous electrolyte solution for clinical applications [150]. The solution
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used in the experiments contains: 138 mmol/L of Na+, 2 mmol/L of K+, 1.25
mmol/L of Ca++, 0.5 mmol/L of Mg++, 110.5 mmol/L of Cl−, 5.55 mmol/L of
C6H12O6, and 33mmol/L of HCO+

3 . As shown in Figure B.6(b), the results (purple
markers and trace) are almost superposed to data obtained when pure water was
used as solvent. Thus, the substantial decrease of Ψ2150 with C is specifically
due to the increasing concentration of urea, though combined with lower water
absorption.

(a)

(b)

Ψ1300 = 0.04∙C + 0.95
R2 = 0.904

Ψ1450 = 0.13∙C + 0.34
R2 = 0.992

Ψ2150 = - 0.06∙C + 0.16
R2 = 0.992

Ψ2150 = - 0.32∙C + 0.15
R2 = 0.997

Ψ1300 = 0.04∙C + 0.96
R2 = 0.961

Ψ1450 = 0.14∙C + 0.34
R2 = 0.962

Ψ2150 = - 0.05∙C + 0.15
R2 = 0.989

Figure B.6: (a) Experimental results of Ψλ for glucose-water solutions. Signals due to LED1300,
LED1450 and LED2150 (red, blue and black dots), respectively, for different concentration C of
glucose. The curves withmatching colors represent the best linear fittings. (b) Experimental results
of Ψλ for urea solutions. Signals due to LED1300, LED1450 and LED2150 (red, blue and black
dots), respectively, for different concentration C of urea solutions in water. Violet markers are
the experimental data obtained with LED2150 for different concentration C of urea in a dialysate
solution. The violet trace is the best linear fitting.
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The evident correlation between the Ψ1450 increase and the Ψ2150 decrease, for
increasing concentrations C of urea, suggested to identify a parameter ν(C), as the
ratio of the responsivities measured with LED1450 and LED2150, that depends on
urea concentration C and allows to partially compensate the contribution of water
absorption:

ν(C) =
Ψ1450

Ψ2150

(B.15)

ν(C) =
B1450 + (∆Ψ1450(C)/∆C) · C
B2150 + (∆Ψ2150(C)/∆C) · C

=
0.34 + 0.13 · C
0.16− 0.29 · C

(B.16)

It is important to stress that Equations B.15 and B.16 holds true for 0 g/ml < C <
0.2 g/ml. Therefore, the concentration C can be derived as:

C =
−0.34 + 0.16 · ν
0.13 + 0.29 · ν

(B.17)

Figure B.7(a) reports the ν parameter obtained from experimental data as ex-
pressed by Equation B.15 as a function of the expected theoretical urea concentra-
tion C; Figure B.7(b) reports the detected values of urea concentration C, calcu-
lated using Equation B.17 in comparison with the expected concentrations values
on the basis of the experimentally prepared mixtures: data are distributed along
the bisector with R2 parameter of 0.995.
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(a)

(b)

ν = 7.38 ∙ C + 2.13
R2 = 0.997

Figure B.7: (a) ν parameter as a function of the expected theoretical urea concentration C used
during sample preparation. (b) Detected urea concentration C (calculated computing Equation
B.17 versus the expected theoretical values of C; the line represents is the bisector curve.

B.6 Conclusions

In this work, a multiwavelength technique for sensing of solutes in water solutions
was demonstrated based optical absorption. The mail goal of the work was to find
a direct and specific method for detecting the concentration of urea in water-based
solutions, exploiting its absorption SWIR band around λ = 2.15 μm, measuring the
light transmittance across a micro-channel, thus with a contactless and label free
approach. Toward this aim, the performances of a simple setup based on three
LEDs and two photodiodes have been analyzed and the results have been illus-
trated. The ν parameter was extracted: it is highly specific for urea detection with
sensitivity S ≃ 7 (g/ml)−1 and limit of detection LoD ≃ 0.006 (g/ml). To increase
the sensitivity, the optical path could be increased, since absorbance increases with
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that parameter. This solution was actually tested by substituting the IBIDI channel
with a rectangular glass tubing with 1-mm channel depth, which confirmed that
sensitivity could be improved. However, the optical path cannot be substantially
increased since strong water absorption within the wide emission band of LED2150

would reduce the amplitude of the output signal and, thus, the signal-to-noise ratio.
An interesting solution would be to use a diode laser with narrow emission around
2.15–2.20 μm, thus within the absorption band of urea, but at the border of the
water absorption band. The fabrication technology of these sources is improving,
making themmore affordable for specific sensing. Moreover, since semiconductor
sources can be easily modulated, detection performed with a lock-in configuration
would be able to provide a better signal-to-noise ratio.
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Composition of AN mixtures

In Chapter 3, six different AN mixtures were considered for experimental testing.
As explained, they are commercial fluids with commercial names CLINIMIX and
AMINOMIX, produced by Baxter S.r.l. (Italy) and Fresenius Kabi (Germany),
respectively. They were provided by the pharmacy of the San Matteo hospital and
they come in plastic bags with different formats (1 L, 1.5 L or 2 L). Each AN
mixture is packaged in a plastic bag with two compartments containing an aque-
ous amino acid solution with electrolytes and a dilution of water with glucose and
calcium chloride, respectively. The two compartments are initially divided by a
plastic membrane. The mixtures must be administered only after breaking the seal
and mixing the contents of both compartments. The appearance of the solution
after mixing should be clear and colourless or slightly yellow. The dosage and
flow rate of infusion depend on age,sex, metabolism and clinical conditions of the
patient. Every type of CLINIMIX and AMINOMIX contains amino acids, elec-
trolytes and glucose in different concentrations. The AN fluids investigated in this
Ph.D. tehsis are CLINIMIX N9G15E, CLINIMIX N12G20E, AMINOMIX 12%I,
CLINIMIXN14G30E, CLINIMIXN17G35E andAMINOMIX 20%. The follow-
ing tables report the concentration of every subtsance for every AN mixtures, as it
it is reported on the leaflet.
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Substance Concentration (g/L)
L-alanine 5.70
L-arginine 3.17
Glycine 2.84

L-histidine 1.32
L-isoleucine 1.65
L-leucine 2.01
L-lysine 1.60

L-methionine 1.10
L-phenylalanine 1.54

L-proline 1.87
L-serine 1.38

L-threonine 1.16
L-tryptophan 0.50
L-tyrosine 0.11
L-valine 1.60

Sodium acetate, 3H2O 2.16
Potassium phosphate dibasic 2.61

NaCl 1.12
Magnesium chlorure, 6H2O 0.51

Glucose 75
Calcium chlorure, 2H2O 0.33

Table C.1: Composition of CLINIMIX N9G15E.
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Substance Concentration (g/L)
L-alanine 7.25
L-arginine 4.03
Glycine 3.61

L-histidine 1.68
L-isoleucine 2.10
L-leucine 2.56
L-lysine 2.03

L-methionine 1.40
L-phenylalanine 1.96

L-proline 2.38
L-serine 1.75

L-threonine 1.47
L-tryptophan 0.63
L-tyrosine 0.14
L-valine 2.03

Sodium acetate, 3H2O 2.58
Potassium phosphate dibasic 2.61

NaCl 0.94
Magnesium chlorure, 6H2O 0.52

Glucose 100
Calcium chlorure, 2H2O 0.33

Table C.2: Composition of CLINIMIX N12G20E
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Substance Concentration (g/L)
L-alanine 7.00
L-arginine 6.00
Glycine 5.50

L-histidine 1.50
L-isoleucine 2.50
L-leucine 3.70
L-lysine 3.30

L-methionine 2.15
L-phenylalanine 2.55

L-proline 5.60
L-serine 3.25

L-threonine 2.20
L-tryptophan 1.00
L-tyrosine 0.20
L-valine 3.10

Sodium glicerophosphate hydrate 4.59
Acetic acid 4.50

potassium hydroxide 1.981
Hydrochloric acid 25% 1.47

NaCl 1.169
Magnesium chlorure, 6H2O 0.61

Glucose 120
Calcium chlorure, 2H2O 0.294

Zinc chloride 0.00545

Table C.3: Composition of AMINOMIX with 12% of glucose.
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Substance Concentration (g/L)
L-alanine 8.80
L-arginine 4.89
Glycine 4.38

L-histidine 2.04
L-isoleucine 2.55
L-leucine 3.11
L-lysine 2.47

L-methionine 1.70
L-phenylalanine 2.38

L-proline 2.89
L-serine 2.13

L-threonine 1.79
L-tryptophan 0.77
L-tyrosine 0.17
L-valine 2.47

Sodium acetate, 3H2O 2.97
Potassium phosphate dibasic 2.61

NaCl 0.77
Magnesium chlorure, 6H2O 0.51

Glucose 150
Calcium chlorure, 2H2O 0.33

Table C.4: Composition of CLINIMIX N14G30E.
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Substance Concentration (g/L)
L-alanine 10.35
L-arginine 5.75
Glycine 5.15

L-histidine 2.40
L-isoleucine 3.00
L-leucine 3.65
L-lysine 2.90

L-methionine 2.00
L-phenylalanine 2.80

L-proline 3.40
L-serine 2.50

L-threonine 2.10
L-tryptophan 0.90
L-tyrosine 0.20
L-valine 2.90

Sodium acetate, 3H2O 3.40
Potassium phosphate dibasic 2.61

NaCl 0.59
Magnesium chlorure, 6H2O 0.51

Glucose 175
Calcium chlorure, 2H2O 0.33

Table C.5: Composition of CLINIMIX N17G35E.
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Substance Concentration (g/L)
L-alanine 7.00
L-arginine 6.00
Glycine 5.50

L-histidine 1.50
L-isoleucine 2.50
L-leucine 3.70
L-lysine 3.30

L-methionine 2.15
L-phenylalanine 2.55

L-proline 5.60
L-serine 3.25

L-threonine 2.20
L-tryptophan 1.00
L-tyrosine 0.20
L-valine 3.10

Sodium glicerophosphate hydrate 4.59
Acetic acid 4.50

Potassium hydroxide 1.981
Hydrochloric acid 25% 1.47

NaCl 1.169
Magnesium chlorure, 6H2O 0.61

Glucose 200
Calcium chlorure, 2H2O 0.294

Zinc chloride 0.00545

Table C.6: Composition of AMINOMIX with 20% of glucose.
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