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Abstract
In this work, it is presented a micro-optofluidic flow detector used for on-chip biological and chemical samples investigation.
It is made in Poly-dimethyl-siloxane using a master-slave approach based on the 3D-Printing techniques. The micro-
optofluidic device is made by assembling a microfluidic T-junction with a micro-optical section that consists of two
optical fiber insertions and a PDMS gold-spattered micro-waveguide. The working principle in the detection is based on a
different light transmission correlated to the fluid interfering with the laser beam in a micro-channel section. The proposed
solution allows to realize a PDMS micro-device taking the advantage of 3D- Printing and goes beyond the restriction
in the material selection. The device’s performances were tested in the fluids detection and in the evaluation of the cell
concentrations. Additionally, the micro-device was used as a real-time two-phase fluids flow detector. The two-phases flows
were successfully monitored in different experimental conditions, varying both hydrodynamic and optical external stimuli.

Keywords Microfluidics · Micro-optics · Two-phase flow · Real-time monitoring · Laser-fluid interaction

1 Introduction

Two-phase microfluidics processes, generated by two
immiscible fluids or micro-particles dispersed in a fluid with
a certain concentration, are common in many biological,
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chemical and medical researches (Li 2006). The choice
of methodologies and technologies for the detection and
control of biological and chemical fluids in micro-channels
is a crucial issue in the design of highly complex micro-
systems for Lab-on-a-Chip applications (Bucolo et al. 2017;
Walsh et al. 2017).

Among all the technologies, the optical one offers the
advantages of a wide range of measurement options being
minimally invasive (Minzioni et al. 2017). In this context,
the trend is to move from the bench equipment used to
perform the standard optical detection procedures based on
fluorescence, absorbance, infrared, chemiluminescence to
their miniaturization in a single portable low-cost device
(Brammer and Mappes 2010; Yeshaiahu et al. 2010). The
studies for the realization of micro-optofluidic devices
where optical and fluidic components are miniaturized and
integrated into a single chip move in this direction (Cairone
et al. 2016a; Cong et al. 2019; Yamaguchi et al. 2016; Zhaoa
et al. 2019).

In the fabrication of micro-optofluidic devices two
aspects that have a central role, being strictly correlated, are:
the material selection and the fabrication method (Becker
and Locascio 2002).

In this work, it is presented a micro-optofluidic flow
detector realized in Poly-dimethyl-siloxane (PDMS) using a
master-slave approach based on the 3D-Printing technique.
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The widely used technique for rapid prototyping of
PDMS micro-devices is Soft-lithography (McDonald and
Whitesides 2002; Ng et al. 2007). It combines a good
resolution, up few micrometers, with the advantages
of the PDMS properties as: bio-compatibility, optical
transparency, impermeability to liquids and high chemical
resistance. The literature gives different evidence on the use
of this technology for micro-optical components realization
(Camou et al. 2003; Chang-Yen et al. 2005; Llobera et al.
2008) and their applications for microfluidic processes
monitoring (Sapuppo et al. 2010, 2012).

Although up to now, professional inkjet 3D-Printer
cannot compete with the resolution obtained by Soft-
lithography, satisfactory results are shown with micro-
structures up to 300 μm. A wide range of micro-devices
examples and fabrication protocols have been presented in
literature to exploit fully the potential and limitations of
this technology (Au et al. 2016; Bhattacharjee et al. 2016;
Macdonald et al. 2017). The recent trend is the one-step direct
3D-Printing of the micro-devices (Chan et al. 2015).

The challenge to extend 3D-Printing in making micro-
optofluidic chips has given rise to the need for specific
optical properties of the materials. Nowadays, PDMS is
not readily available for printing on inkjet machines. Most
of the inkjet 3D-Printers use cytotoxic or non-transparent
materials. Nevertheless, the arising of different Lab-on-a-
Chip applications (Yazdi et al. 2016; Chan et al. 2017), to
date no-material with both features necessary in the design
of the micro-optofluidic chips, as the bio-compatibility
and the optical transparency, are available (Weisgrab et al.
2019).

The master-slave solution presented aims to overcome
these limitations and to extend the use of the 3D-Printing in
the realization of micro-optical components, going beyond
the restriction in the material selection.

In Cairone et al. (2016a), we have presented a PDMS
micro-optofluidic device, realized by the master-slave 3D-
Printing approach, to drive a laser light beam toward a
microfluidic channel and to detect a two-phase flow. In
this work, we expand this scope of investigation both by
embedding in the designed chip a gold-sputtering micro-
waveguide and by testing its performance to detect different
samples and to track in real-time fluids flows. This detection
approach, as suitable solution for on-chip device analysis
avoiding bulky and costly equipment, was successfully
implemented in our recent works to characterize the Red
Blood Cells (Cairone et al. 2018a, b) and slug flows in
micro-channels (Cairone et al. 2016b; Gagliano et al. 2020).
That offers, technologically, a greater flexibility in the
design ensuring to deliver as close as possible to the sample
the laser light and, methodologically, the opportunity to
widen its use in a variety of biological and chemical Lab-on-
a-Chip applications. Indeed, having the opportunity to steer

the laser light with power below 100mW opens to a wide
variety of measurements (Cong et al. 2019; Cossarizza et al.
2017).

The paper is organized as follows. Section 2 describes
the PDMS micro-optofluidic device design and realization
by the proposed master-slave solution based on the
3D-Printing techniques. A T-junction micro-channel was
integrated with a micro-optical section that consists of
two optical fiber insertions and a micro-waveguide. Ray
tracing simulations were used in the optimization of the
micro-optical section design, and a specific procedure
was developed for the assembling of the micro-fluidic
and micro-optical components. In Section 3, the results
obtained experimentally in both chemical and biological
contexts are presented and discussed. The micro-optofluidic
detector realized was then successfully tested for the
differentiation of chemical fluids and cell suspension
concentrations. Additionally, the detector was tested for
real-time monitoring of two-phase flows in slug regime.

2Micro-optofluidic detector design
and realization

The micro-optofluidic detector was designed to be a
compact device that integrates the micro-optic and micro-
fluidic components. In Fig. 1 a cartoon of the working
principle is presented: assuming that two fluids with quite
different refraction indices flow in a micro-channel, and
an incident laser beam interferes with them in a specific
micro-channel area. It is possible to obtain a different light
transmission based on which fluid is interfering with the
laser beam at that moment.

Fig. 1 Working principle of micro-optofluidic flow detector. The
microfluidic component consists of a T-junction micro-channel. The
micro-optical section of the device is orthogonal to the straight part
of the micro-channel and includes two optical fiber insertions and a
waveguide
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Fig. 2 The six alignment
configurations considered for
the micro-optical section
optimization: {C1, C2, C3, C4}
in absence of a fluid, C5 in
presence of a fluid and C6 with
the integration of the PDMS
micro-waveguide

The microfluidic component consists of a T-junction
micro-channel. Two different fluids or a particle suspension
can be injected by the two inlets, if necessary having one
plugged (see Fig. 1).

The optical section of the device is orthogonal to the
straight part of the micro-channel at a distance of 15 mm

from the T-junction to assure the flow stability. It includes
two optical fiber insertions and a waveguide allocation area.
The PDMS waveguide was realized separately and shielded
by a material with a refraction index lower than the one of
the PDMS. Thanks to the first optical fiber insertion, the
laser light is conveyed to the PDMS waveguide and then
reaches the area of the micro-channel investigated. The light
travels to the sample, and it is detected by a second optical
fiber aligned at the opposite side of the micro-channel.
The optical signal acquired is then correlated to the flow
inside the micro-channel. To finalize the design, the ray-
tracing simulations of the optical section were carried out
considering the conditions of presence and absence of the
flow in-between the micro-optical components aligned on
the opposite sides of the micro-channel.

2.1 Micro-optical section optimization

The performances of the micro-optical section were eval-
uated by the ray-tracing simulations using TracePro. Six
alignment configurations were considered: the first four
{C1, C2, C3, C4} to study the micro-optical components
alignment, and the other two {C5, C6} for the characteri-
zation in presence of a fluid. A laser light source with a
power intensity of 10 mW (100 rays per area) was set. The
model of the optical fibers (SMA to free end) developed in
Cairone et al. (2016a) was used. In Fig. 2 the six simulated
conditions are sketched.

The configurations {C1, C2} were taken into account to
determine the optimal core diameter of the output optical
fiber. Two diameters were investigated 1 mm and 400 μm.
The laser source coupled with the input optical fiber (core

of 400 μm) was aligned at a distance of 100 μm with the
output optical fiber coupled with the acquisition system.

The configurations {C2, C3} were used to determine
the optimal core diameter of the input optical fiber, using
400 μm and 1 mm. In both cases, the input optical fiber
coupled with the laser source was aligned at a distance of
100 μm with the output optical fiber (core of 400 μm).

The percentage of incident rays on the output optical
fiber was detected by the irradiation map. The best
performance was obtained in the configurations {C1, C2}
with respectively {0 − 26}% of losses. A lost of 84%
was in configuration C3, underling that a diameter of the
transmission-fiber equal or smaller than the one of the
receiving fiber reduces the light-lost.

In the configuration C4, it was used the same input-
output optical fibers set-up of C2 increasing the alignment
distance up to 2 mm, space necessary for the micro-channel
insertion. The losses increase to a percentage of 66%.

In the configuration C5, a micro-channel of 1 mm depth
filled by a fluid was inserted in-between the optical fibers.
Finally, in the configuration C6 a PDMS waveguide was
aligned to the input optical fiber, as in the design of flow
detector realized.

Fig. 3 Performance of the micro-optical section by ray-tracing
simulations. In the bar histogram, the losses in the output optical
fiber in percentage for the configurations {C5, C6} are compared in
presence of {Air, Water, PBS, Hex}
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Fig. 4 Details in the design of
the micro-optofluidics detector:
the micro-channel, two sections
for the optical fiber insertions
and the allocation area for the
waveguide

In the configurations {C5, C6}, four fluids were consid-
ered {Air, Water, Phosphate-Buffered saline (labeled PBS)
and Hexadecane (labeled Hex)} with different refractive
indices respectively, nf luid ∈ {1, 1.33, 1.34, 1.434}. As
expected, the greater losses are computed for the Air. Addi-
tionally, the slight differentiation among Water, PBS, Hex
is consistent with the slight difference in their refraction
indices. In Fig. 3, a bar histogram compares the losses in
{C5, C6} per fluid. It is worth to notice that the insertion of
the PDMS micro-waveguide does not alter significantly the
performance.

2.2 3D-Printing fabrication process PDMS-based

The design of the micro-optofluidic detector was estab-
lished based on a trade-off among the results of the ray-
tracing simulations, the material (PDMS) and the fabrica-
tion technology (3D-Printing) selected. All the details are
reported in Fig. 4.

Two final computer designs (CADs) were realized one
for the micro-system, which includes the micro-channel and
the micro-optical section, and one for the micro-waveguide.
A procedure to assemble those in an embedded device was
also established.

The micro-channel has a squared section of 400 μm side.
The diameter of the inlets and outlet wells is 2.4 mm. The
T-junction is at a distance of 13 mm from the inlets and

of 15 mm from the micro-channel area investigated. The
optical section includes two optical fiber insertions and a
waveguide allocation. The following constrains were taken
into account:

– the diameter of the PDMS waveguide was set to 1 mm

due to 3D-Printing limitation;
– the distances between micro-optical section at the two

sides of the micro-channel were set to d1 = 1 mm,
d2 = 0 .5 mm, to ensure a safety bounding and avoid
the fluid leakage;

– the diameter of the output optical fiber was set equal
to the micro-channel width 400 μm to maximize the
acquisition.

In a waveguide, the light travels inside a channel made with
a material whose refractive index has to be greater than
that of the surrounding material to cause the total reflection
phenomena. In this case, the PDMS waveguide (n1 = 1.41)
was shielded by gold (nAu = 0.47) and placed in the PDMS
allocation area of the micro-system. The square waveguide
was realized with a width of 1 mm and a length of 2.5 cm.

Being still not possible to realize directly PDMS device
with the 3D-Printer, a specific master-slave procedure was
used for both the micro-system and the waveguide. The two
CADs were printed using a photo-sensitive resin, and their
surfaces treated to avoid any type of reticulation of the resin
in contact with the PDMS. In our previous work (Cairone

Fig. 5 3D-Printing PDMS-based steps of the protocol to assem-
ble the micro-optofluidic detector. a The mold of the micro-system
which includes the micro-channel and the micro-optical section. b The

casted micro-system realized in PDMS. c The complete PDMS micro-
optofluidic device with the allocation area where the gold-spattered
micro-waveguide is inserted
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et al. 2016a), a chemical treatment was adopted, here a
further improvement was reached thanks to the UV-based
illumination.

The master-slave mold was printed by using an inkjet
printer model Objet260 Connex1, Stratasys (Rheinmün-
ster, Germany). The material used for the mold was
the VeroWhitePlus, and the FullCure705 as support. The
support material is removable with water and commonly
used for printing hollow parts. The Object260 printer is a
professional inkjet, its use consolidated and the precision
range stated by the producers (https://www.stratasys-.com/
3d-printers/objet-260-500-connex1). The horizontal layer
thickness can be as fine as 16 μm. Due to the layer-by-layer
construction, the resolution and surface quality depends
on the build orientation of the part. To reach a trade-off
between the printing speed and the mold resolution, a flat
orientation was set with 50 μm layer-by-layer thickness.
The printing time for the micro-system mold, shown in
Fig. 5a, was 15 hr .

In the following phase, the silicone and the curing agent
of PDMS (Sylgard 184 elastomer kit, Dow Corning) were
mixed together according to the proportion (10 : 1) for
the device layer (micro-systems and waveguide) and to the
proportion of (5 : 1) for the bulk cover layer. After the
degassing, the PDMS was poured in the two masters and
placed in an oven at 50 ◦C for 24 hours. Finally, the PDMS
devices of the micro-system and the PDMS waveguide
were peeled from their masters. The waveguide was gold-
sputtered up to a thickness of 20 nm using an Emitech
K-550 sputter coater (Ashford Kent, UK). For assembling
the device, the waveguide gold-spattered was placed in the
allocation area of the PDMS micro-system (see Fig. 5b) and
the device bounded with a 0.5 mm thick bulk by a reversible
bound procedure. The complete micro-optofluidic detector
is presented in Fig. 5c.

To test the precision of the 3D-Printed mold, its surface
was analyzed by an Atomic Force Microscopy (AFM,
NTEGRA by NT-MDT). The AFM measurements were
carried out in different locations. As an example, in Fig. 6a
the colormap of the roughness distribution in a square
surface of 0.014 μm side is shown, the colorbar reports the
surface height in the range [−0.5; 0.5] μm. The average
roughness measured in the mold was (0.1 ± 0.02) μm.

To assess the precision of the casted PDMS device,
its surface was analyzed with an EVO Scanning Electron
Microscope (EVO-SEM, Zeiss). As an example, in Fig. 6b
the SEM photo of a PDMS micro-channel section is
reported. It is visible a minor undulation on the order below
0.1 μm due probably to PDMS shrinkage. These results
confirm that the device, realized with the presented master-
slave approach, lies well in the resolution above 200 μm, so
comparable with the values given in Weisgrab et al. (2019)
using the direct 3D-Printing.

Fig. 6 a The roughness distribution in a square surface of 0.014μm

side of the 3D-Printed mold, the colorbar reports the surface height in
the range [−0.5; 0.5]μm. b The SEM photo of a micro-channel section
of the casted PDMS device

3 Experimental results and discussion

The setup for the characterization of the micro-optofluidic
flow detector is shown in Fig. 7a. Two multi-mode optical
fibers with N .A. = 0.22 were used (SMA to free-end by
Thorlabs) with a core diameter of 365 ± 14 μm. The free-
end of input optical fiber was clamped onto the device’s
input-fiber insertion, while the SMA-end was connected to
the laser source (Rgb NovaPro Laser 660-125, wavelength
used 660 nm). The second optical fiber was clamped
by the free-end onto the device’s output-fiber insertion
and coupled by the SMA-end with a photodiode (PDA
100A, Thorlabs, gain used 50 dB). The signal received by
the photodiode was acquired by an oscilloscope (Agilent
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Fig. 7 a The setup for the characterization of the micro-optofluidic
detector: (1) the syringe pumps, (2) the micro-device, (3) the laser
source, (4) the photodiode, (5) the CCD, (6) the oscilloscope. b Zoom
on the micro-optofluidic detector connected with the inlet and outlet
tubes and the two optical fibers

MSO7054A) with a sampling frequency of 500 Hz. For a
visual inspection of the process, a digital USB microscope
with direct illumination was placed above the device. A
pair of syringe pumps (neNESYS by Cetoni Gmbh) was
used to generate a controlled flow into micro-channel. The
picture of the micro-optofluidic detector connected with the
inlet and outlet tubes and the two optical fibers is shown in
Fig. 7b.

The performances of the micro-optofluidic detector
were tested in both chemical and biological contexts.
Initially, two experimental campaigns were carried out to
investigate the device’s ability in the fluids differentiation
{Air, Water, PBS, Hex} and in the evaluation of the
cell suspension concentrations. In the third experimental
campaign, the micro-device was tested as a real-time slug
flow detector.

3.1 Detection of fluids and cell concentrations

Initially, to test the device’s ability in fluids differentiation,
a single flow of the fluids {Air, Water, PBS, Hex} were
considered. One inlet of the T-junction was plugged and the
other fed by a fluid with an input flow rate of 0.2 ml/min.
A laser source with power of 1mW was used.

The amplitude of the signal acquired by the oscilloscope
(in [V ]) for 10 s per each experimental condition was
reported in the bar histograms in Fig. 8a–b. No significant
variation was detected during the registrations, so no
error bar was reported. Figure 8a evidences as the signal
amplitude increases (and the relative losses decrease) at the
increase of the fluid refractive index nair = 1, nwater =
1.33, nPBS = 1.34 and nHex = 1.434. A great sensitivity to
the fluid changes can be noticed in the experimental results
compared with that obtained in simulations, possibly due

Fig. 8 a Histogram of the signal amplitude acquired by the oscil-
loscope (in [V ]) for the fluids considered {Air, Water, PBS, Hex}.
b Calibration curve obtained by plotting per fluid the amplitude of
acquired signal versus the refraction index
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Fig. 9 Histogram of the signal amplitude acquired by the oscilloscope
(in [V ]) for the detection of the three Yeast cells concentrations in PBS
suspension considered {C − 06, C − 07, C − 08}

to the limit of the ray-tracing in reproducing the fluid-laser
interaction at the micro-channel boundaries.

The Fig. 8b plots per fluid the amplitude of the
signal acquired (in [V ]) versus the refraction index. The
parabolic interpolation was also presented as an optimal
data calibration.

In the second experimental campaign, one inlet of the
T-junction was plugged and the other fed by a suspension
of Yeast cells (Saccharomyces Cerevisiae) in PBS. A
slow pulsatile pressure was applied. The Yeast cells were
cultivated in vitro and then diluted in 10 ml of PBS to
have three different concentrations {106, 107, 108}, labeled
respectively {C − 06, C − 07, C − 08}. A laser source with
power intensity of 1mW was used.

Also in the case of cell suspensions, it was possible to
detect a variation in the amplitude of the acquired signals
(in [V ]), as shown in Fig. 9. The signal amplitude decrease
at the concentration increase can be correlated with the
dispersion of light for the presence of a greater number
of particles. In this case, a less sensitivity of the detector
can be observed. That will be investigated in the future
development by using lower concentrations, different laser
wavelengths and smaller micro-channel diameters.

3.2 Real-time detection of slug flows

In the third campaign, 24 experiments were carried
out to evaluate the sensitivity of the micro-optofluidic
device in real-time detection of two-phase flows. Three
combinations of the immiscible fluids previously classified
{Air, Water, PBS, Hex} were considered in their slug
regime (Cairone et al. 2016b) as follows:

– Air-Water flow;
– Air-PBS flow;

Table 1 The nine combinations of the hydrodynamic (two input fluids
flow-rates) and optical (laser power intensity) external stimuli used for
the three considered slug flows

Power (mW) Vair (ml/min) Vlq (ml/min)

Exp-1 1 - 5 - 10 0.1 0.2

Exp-2 1 - 5 - 10 0.15 0.3

Exp-3 1 - 5- 10 0.2 0.4

– Air-Hex flow.

Both hydrodynamic and optical external stimuli were varied
for a total of 9 combinations as summarized in Table 1. The
hydrodynamic force was set using three values of the Air
input flow rate (Vair ), and doubling these for the selected
liquid input flow rate {Air, Water, PBS, Hex} (Vlq ), as
follows:

– Exp-1: {Vair = 0.1 ml/min, Vlq = 0.2 ml/min};
– Exp-2: {Vair = 0.15 ml/min, Vlq = 0.3 ml/min};
– Exp-3: {Vair = 0.2 ml/min, Vlq = 0.4 ml/min}.
The Exp-3 for Air-Hex was excluded due to the excess of
fluid leakage.

The laser light was set using three levels of the power
intensity ∈ {1, 5, 10} mW . The laser was turned on after
10 s and then its power was increased in the set ∈
{1, 5, 10} mW during three time intervals. The same power
intensity was maintained for around 35 s.

In Fig. 10a, as an example, it is plotted the optical
signal acquired for the Air-Water flow in the Exp − 2;
the three time windows were pointed. The signal shows
a square-wave trend, whose increase of the average levels
is correlated with the laser power intensity. The square-
wave dynamics is due to the different light absorption at the
passage of the fluids: the lower value is for the Air and the
higher for theWater (Cairone et al. 2016b).

The eight signals acquired were segmented in three time
intervals, per power intensity, and then processed both in
time and frequency domain to characterize the fluids-laser
interaction in the micro-channel.

Initially, the signals were processed to evaluate the
average amplitude (in [V ]) of the signal at the passage
of each fluid {Air, Water, PBS, Hex} per laser power. In
Fig. 11, it is reported the average of the signal amplitude
per fluid obtained combining their values at different input
flow rate conditions {Exp − 1, Exp − 2, Exp − 3} for
the same laser power intensity. The error bars represent
the range of these variations that, being negligible, confirm
the consistency in the fluid detection during a dynamical
acquisition increasing the pressure at the inlet. Furthermore,
it is possible to evidence the sensitivity of the amplitude per
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Fig. 10 The detected signal and
the three spectra obtained for the
Air-Water slug flow in the
experimental condition Exp − 2
(Vair = 0.15 ml/min and
Vlq = 0.3 ml/min). a The
acquired optical signal trend,
correlated with the air-water
presence in the micro-channel
area inspected. b The three
spectra obtained by the signal
segmentation in the three time
intervals with the light power set
to ∈ {1, 5, 10} mW

fluid at the laser power ∈ {1, 5, 10} mW . The amplitude is
lower for the Air and then rises for the {Water, PBS, Hex}
in accordance with the results discussed in the previous
Section.

Then, in Fig. 12, the ranges of variation per fluids pair
{Air-Water, Air-PBS, Air-Hex} and per power level were
reported. The difference in the amplitude values obtained
per fluid {Water, PBS, Hex} were computed respect the
amplitude value of the Air. The error bars sum the errors
per fluid-pair. The results show an increase of the signal
range per laser level, that leads to an improvement in fluids
differentiation during the slugs passage. The enhancement
is quite impressive in the case of Air-Hex flow: the signal
range for the laser intensity of 10 mW is four times bigger
than for 1mW . This effect can be correlated with decreasing
in the medium absorption induced by the density reduction
at the temperature increase.

Finally, the signals segmented per power intensity were
processed in the spectral domain to extract the dominant

Fig. 11 The average amplitude of signals in [V ] per fluid
{Air, Water, PBS, Hex} and per power intensity {1, 5, 10} mW

frequency of the Air/Fluid slug passage. As an example,
Fig. 10b reports the three spectra obtained per power ∈
{1, 5, 10} mW for the Air-Water flow in Exp − 2. The
frequency peak is associated with the mean inter-distance of
the two fluids sequence Air-Liquid inside the micro-channel
(Cairone et al. 2016b; Gagliano et al. 2020).

The dominant peaks are reported in the bar histogram
of Fig. 13. In Fig. 13a, no-significant frequency increases
can be noticed by the fluid-laser interaction for both the
{Air-Water, Air-PBS} in Exp − 1. Then for the Air-Water
slug flow a clear speed-up of the process was detected in
the {Exp − 2, Exp − 3}. In the Air-PBS slug flow the
acceleration is visible in Exp − 2 for the laser power in
{1, 5} mW and no-significant frequency change is in the
Exp − 3.

Conversely in Fig. 13b, for the Air-Hex slug flow, the
air-fluid sequence is faster than in the other fluid-pair
conditions, the laser activation induces a visible slow-down

Fig. 12 The average range of the signal in [V ] per fluid combinations
{Air-Water, Air-PBS, Air-Hex} and per power intensity {1, 5, 10} mW
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Fig. 13 Bar histograms of the dominant frequencies in the spectra for
all the 24 experimental conditions. a {Air-Water, Air-PBS} b Air-Hex

of the process. Possibly this nonlinear phenomenon can be
associated with an interlaced effect in the fluid-pair, due
to their relative changes in their properties (as density and
viscosity). After a certain power level seems that, due to the
laser heating up, the process is slow-down by the dominance
of the slower fluid Air.

4 Conclusions

In this work, it is presented a micro-optofluidic flow
detector used for on-chip biological and chemical samples
investigation. It was realized in PDMS using a master-slave
solution based on the 3D-Printing technique.

The 3D-Printing technology is a promising fabrication
process for the realization of a low-cost complex structure
in this field, but to date, it is not possible the direct use
of PDMS. The master-slave procedure, developed by the
authors in Cairone et al. (2016a), has allowed to realize
a PDMS micro-device of around 16 cm2, where micro-
optical and microfluidic components were embedded. From
one side, to produce a 3D-Printed chip, with professional
inkjet, can be time consuming and costly. On the other hand,
the casting procedure, resembling that used in the Soft-
lithography, is not complex and low-cost. Then using the
same 3D-Printed mold for multiple casting spreads its cost
on several manufactured devices, being also advantageous
for the chip production industrialization.

The micro-optofluidic flow detector is a compact device
realized by assembling a microfluidic T-junction with a
micro-optical section that consists of two optical fiber
insertions and a micro-waveguide. The working principle
of the micro-detector is based on the difference of the
refraction indices of the fluids and particles that flow
in the micro-channel. Its performances were tested in
the fluids detection and in the evaluation of the cell
concentrations. Additionally, the micro-device was used
as a real-time two-phase slug flow detector in different
experimental conditions, varying both hydrodynamic and
optical external stimuli. The data collected from the micro-
optofluidic device was additionally used to study the fluid-
laser interaction in the micro-channel.

In the future developments, a further effort will put to the
increase of the device sensitivity in cells differentiation. It
will be widen the variety of cell suspensions and the concen-
trations to fully check its ability to be used in biological
applications. That will offer, technologically, a greater
flexibility in the design ensuring to deliver as close as
possible to the sample the laser light and, methodologically,
the opportunity to widen its use in a variety of biological
and chemical Lab-on-a-Chip applications.
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