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1  Introduction

The lack of an active control over individual drops severely 
limits the use of the micro-system for microfluidic application 
(Baroud et al. 2007a). Acting on individual drops in micro-
channels is still a challenge. The body force scales with the 
cube of the drop radius, so at small scales, it is natural to look 
for surface mechanisms for the droplet manipulation  (Tabe-
ling 2005). In this context for chemical and biochemical 
applications, optical techniques are acquiring a central role in 
representing a good solution in both control and sensing pro-
cesses (Whitesides 2006; Yeshaiahu et al. 2010).

Regarding the control, recent works have demonstrated 
that the force near to the μN range could be produced on a 
droplet interface with a laser wave to control its displace-
ment  (Baroud et  al. 2007b). The theoretical analysis for 
localized heating shows that force scaling is highly favora-
ble to miniaturization, since the total force is predicted to 
increase as the drop radius decreases. On the other hand, 
the most common way to investigate the microfluidic flows 
is by continuous 2D monitoring using a fast CCD camera 
or a PIV system  allowing to discern emulsions and flow 
with heterogeneous cross section  (Van Steijn et  al. 2007) 
with the drawbacks related to costly and bulky equip-
ments. In the case of flow segments that occupy the entire 
cross-section a simplified signal monitoring setup is possi-
ble by using photodetectors  (Schembri and Bucolo 2011) 
coupled with micro-optical components.

During the last decade soft-lithography technology has 
allowed the rapid prototyping of the micro-optofluidics 
device using polydimethylsiloxane (PDMS)  (Ng et  al. 
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the performance of the models was obtained by compar-
ing ray-tracing simulations. The master of the device has 
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and two-phase flows, were carried out, and in spite of the 
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2002; McDonald and Whitesides 2002), a polymer that 
is well-known for its high chemical resistance, biological 
compatibility, as well as, for its good optical properties and 
versatility in the realization of micro-optical components. 
Examples of the PDMS technology in the miniaturization 
of micro-optic components are reported in literature such 
as waveguide  (Chang-Yen et  al. 2005), mirrors  (Llobera 
et al. 2008) and lenses (Camou et al. 2003) and are already 
used in applications (Ono et al. 2003; Llobera et al. 2007). 
Previous works provide the versatility of micro-optical 
interfaces based on PDMS waveguide, micro-lenses and 
micro-mirrors in focusing and detecting the light informa-
tion for point-wise flow monitoring, both in vivo (Sapuppo 
et  al. 2010) and in  vitro  (Sapuppo et  al. 2012) contexts, 
being an alternative to standard microscopy and integrated 
velocimetry (Sapuppo 2007) optical methods.

All these aspects were taken into account in the reali-
zation of the presented PDMS micro-optofluidic device 
allowing a laser beam to be driven directly toward a two-
phase flow stream in the micro-channel while, at the same 
time, detecting the slug’s passage and stirring the laser 
beam, without the use of any external optical devices. 
When the laser beam interacts with the microfluidic flow, 
depending on the fluids in the channel and the laser angle 
of incidence, a different signal level can be detected. So a 
continuous air–water segmented flow will generate a signal 
that switches between two values. Furthermore this device 
has been realized by 3D printing technology and a protocol 
to realize the chip in PDMS is presented.

The theoretical background behind the device realiza-
tion is the total internal reflection occurring at a bound-
ary between two media, when the incident angle of a 
source light beam is greater than the critical angle related 
to the media refractive indexes. The same principle is 
applied  (Rossetto and Ferrante 2014) by using an exter-
nal and more complex optical setup, that involves the light 
alignment related to the reflection and refraction at several 
subsequent boundaries. The embedding of the optical fiber 
insertions in the chip design has allowed a reduction in the 
number of the interfaces crossed by the light and a satisfac-
tory performance is achieved even without the use of lenses.

The variety of applications related to the use of this class 
of embedded micro-optofluidic devices is enormous. Two 
examples based on single-flow monitoring are described 
in  Weber et  al. (2012) and  Lapsley et  al. (2009). In the 
first a micro-optofluidic device was used to determine the 
concentration of lactose in a liquid. In the latter, a variable 
optical attenuator device is obtained by altering the refrac-
tive index of the fluid within the micro-channel.

Recently, 3D printing technology has spread across 
many disciplines  (Hwanga et  al. 2015). An innovative 
aspect discussed in this paper is its use in the fabrication 
of the micro-optofluidic mold. In most of the works in this 

field, as the pneumatically tunable optofluidic switch real-
ized in  Song and Psaltis (2011), the mold is realized by 
standard soft-lithography. Although 3D printed structures 
cannot currently compete with the resolution of structures 
defined using soft-lithography, several advantages can be 
foreseen such as the simplification in the fabrication of 
structures with different heights or suspensions and the 
diversification of the chip’s materials (no longer limited by 
the 3D printable resins) (Chan et  al. 2015). Thanks to its 
design flexibility, it would be possible to create channels 
quickly and inexpensively with unprecedented complexity, 
as well as integrating micro-optic components.

In Sect.  2, initially the theoretical background behind 
the design of the micro-optofluidic switch will be pre-
sented. Then the chip design, considering the three micro-
channel widths of 130, 250, 420 μm, will be described in 
detail comparing the performance of the models obtained 
by ray-tracing simulations. Following in the same section, 
the protocol used for the 3D printing realization and the 
characteristics of the mold and PDMS device realized will 
be presented. Finally in Sect.  3, the experimental results 
obtained during the static and dynamic characterizations 
of the devices will be discussed. In the static characteriza-
tion, the optical power measurements were carried out to 
evaluate the performance of the device as a laser stirrer and 
its losses in single-flow conditions. In the dynamic charac-
terization, the attention was focused on the generation and 
description of the switch signals obtained during the two-
phase flow.

2 � Embedded system design and realization

2.1 � Theoretical background

In this micro-optofluidic switch design the choice of the 
material to realize the chip and its geometry, as well as, 
the choice of the fluids for the two-phase flow generation 
played a fundamental role. The operative principle was 
considered as follows: assuming that two fluids with quite 
different refractive indexes flow in a microfluidic chan-
nel and an incident laser beam interferes with them in a 
test section, we can obtain a selective light reflection and 
transmission based on which fluid is interfering with the 
laser at that moment. This is possible in specific geomet-
ric conditions established in relation to the fluids and mate-
rial refractive indexes. The polymer selected to realize the 
chip was the polydimethylsiloxane (PDMS), for its optical 
properties (refractive index nPDMS = 1.41) and fast device 
prototyping (McDonald and Whitesides 2002). The fluids 
used to generate the two-phase flow were the air and de-
ionized (DI) water that have the refractive indexes nair = 1 
and nwater = 1.33, respectively.
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In Figs.  1 and 2 two graphic representations of the 
aforementioned working principle are shown: the reflec-
tion condition at the air passage along with the transmis-
sion condition at the water passage. Snell’s law allows the 
computation of the limit angles for the total reflection at the 
interfaces PDMS\AIR (θL1 = 45.17◦) and PDMS\WATER 
(θL2 = 70.6◦). Considering a micro-channel test section 
and positioning a laser beam with an inclination angle (α ) 
in relation to a micro-channel perpendicular in the range 
θL1 < α < θL2, the light will be reflected at the air passage 
(Fig. 1) and transmitted at the water passage (Fig. 2). Based 
on geometrical optics it is possible to compute the angles 
of the reflected and transmitted light beams. The reflec-
tion angle is the same as the incident angle α, while for the 
transmission angle, the light passage through two subse-
quent interfaces has to be considered: the PDMS\WATER 
and the WATER\PDMS. As it can be deduced by geometri-
cal considerations in Fig. 3, the final inclination of the light 
path in relation to the channel perpendicular is the same  

(α), but the double light refraction induces a beam displace-
ment (d) depending on the channel dimension (h) and the 
medium refractive indexes at the interface, as in Eq. 1.

   

2.2 � Design and simulations

The device computer-aided design (CAD) consists of a 
rectangular box with an internal area (85× 40  mm); the 
micro-channel is at the center of the box and the sections 
for the fiber insertions are above and below. Three opti-
cal fiber insertions were designed: one is used to drive the 
input laser beam toward the channel and the other two to 
acquire the optical information related to the light reflected 
(OF1) and transmitted (OF2), as shown in Fig. 4.

The distance (D) between the micro-channel and the 
fiber insertions is 500 μm (see Fig. 5b). The width (w) of 
the micro-channel and the fiber insertions are equal while 
the height of the fiber insertions (z) were designed larger 
than the fiber cladding diameter for an easier placement 
(see Fig.  5a). Three device CADs were considered based 
on the cladding diameter of the used fibers: CAD400 with 
w = 420 μm, CAD200 with w = 250 μm and CAD100 with 
w = 130 μm.

The micro-channel has a squared section, the diameter 
of the inlet and outlet wells is 2.4 mm. The T-junction is at 
a distance of 13 mm from the inlet wells. The total length 
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Fig. 1   The working principle representation in the reflection condi-
tion: the input laser beam with a specific inclination (α) points in a 
micro-channel test section during the air passage and the output light 
beam is reflected

Fig. 2   The working principle representation in the transmission con-
dition: the input laser beam with specific inclination (α) points in a 
micro-channel test section during the water passage and the output 
light beam is transmitted

Fig. 3   In the transmission condition, the input beam crosses both 
micro-channel walls and a beam displacement (d) is induced by the 
double light refraction
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of the channel from the junction to the outlet well is 46 mm 
and the test section is at the center.

The optical fibers used for the light acquisition were 
multi-mode with a N.A. = 0.22. To satisfy the working 
principle discussed in Sect. 2.1 the angle of the laser light 
input insertion (α) has to be in the range [45◦, 70◦]. The 
value α = 50◦ was selected to minimize the beam disper-
sion on the micro-channel (L) due to laser beam N.A. (see 
Fig. 6). The insertion for light reflected acquisition (OF1 ), 
consequently, was set to −α. On the opposed micro-chan-
nel side, the fiber insertion for the light transmitted acqui-
sition (OF2) is positioned with an inclination of α and a 
displacement (d) in relation to the input test section due 
to the translation of the input light beam crossing the 
micro-channel.

In Table  1, for each CAD, the cladding of the optical 
fibers considered (c), the relative micro-channel and fiber 
insertions width (w), the fiber insertions height (z) and, 
assuming the channel filled by water, the relative displace-
ment of output fiber insertion (d) are summarized.

The performance of the device models were evaluated 
by ray-tracing simulations (software TracePro by Lambda 
Research Corporation). The laser source model designed to 
reproduce the fiber N.A. = 0.22 is reported in Fig. 6. The 
angle γ is 9◦ and by geometrical considerations, consider-
ing the optical fiber core radius (AO) associated with the 
different designed CADs, the lengths of OH and AH and 
the light dispersion along the channel surface (L) were 
computed and reported in Table 2.

In Fig. 7a, b, the ray-tracing results obtained in simula-
tions for CAD400 when the channel was filled respectively 
by air (in left column) and water (in right column) are 
plotted. Additionally in Fig. 7c, d, the spatial (2D) distri-
butions of the rays at the test section are shown where the 
vertical solid lines mark the boundaries of the micro-chan-
nel surface. The number of incident rays is greater than 
the 95  % at both the air and water presence. Assuming 
that each ray has a specific energy, the total flux was com-
puted around 0.94 mW with a loss of 6 %. Additionally, 

Fig. 4   The CAD representation and measurements in a frontal per-
spective: the microfluidics T-junction and the optical fiber insertions. 
The input fiber insertion is for the optical fiber to be connected with 
the laser, the output fiber_1 and output fiber_2 are for the fibers that 
collect the light reflected (OF1) and the light transmitted (OF2) during 
the two-phase flow passage

Fig. 5   Focusing on the CAD. a The rectangular section of the fiber 
insertions. b The micro-channel test section at the center with the 
three fiber insertions above and below

Fig. 6   The laser source model designed to reproduce the fiber 
N.A. = 0.22 and the light dispersion along the channel surface (L)

Table 1   Characteristics of the three device CADs (in μm): optical 
fiber cladding diameter (c), micro-channel and fiber insertions width 
(w), optical light displacement (d), and fiber insertions height (z)

c w d z

CAD400 408 420 54.28 520

CAD200 245 250 32.31 350

CAD100 126 130 16.80 230

Table 2   Characteristics of the optical fiber model used in the three 
device CADs

AO (μm) AH (μm) OH (μm) L (mm)

CAD400 182.5 184.76 28.84 1.00

CAD200 100.0 101.24 15.80 0.78

CAD100 52.5 53.15 8.31 0.59
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the percentage of rays incidental to the fiber OF1 during 
the air passage and into the fiber OF2 during the water pas-
sage are, each in order, 40  % with a total flux 0.39  mW 
(a total loss of 4 dB) and 25 % with a total flux 0.26 mW 
(a total loss of 6 dB). The decrease in the performance is 
caused by the dispersion of the rays L all along the chan-
nel test section (see Fig. 6) and by the thickness of PDMS 
layer that covers the chip. Considering three values {0.5; 
1; 7} mm for the thickness of the PDMS cover layer, a 
comparative study for CAD400 was carried out. Although 
a greater thickness guarantees the robustness of the chip, 
it was verified that when a ray’s dispersion of around 4 % 
per 0.1 mm is introduced for a thickness of up to 1 mm, 
then it changes slightly. A cover layer of 0.5 mm, was used 
as an optimal tradeoff.

The comparison of the CAD’s performance is reported 
in Fig. 8. The bar-plot is related to the percentage of rays 
incidental to the surfaces of interest: the micro-channel test 
section (labelled as bubble surface) and the fiber OF1 and 
OF2 during the air and the water passage respectively. The 
color codes the considered CAD. As expected, a decrease 
in performance was evinced by reducing the channel and 

fiber insertion width (w) and, because of this, the atten-
tion in the device realization was focused on CAD400 and 
CAD200.

2.3 � Fabrication process

The PDMS micro-optofluidic devices were realized by 
3D-printing technology. The developed protocol consists of 
four steps: the CAD design of the master, the master reali-
zation by the 3D Printer (the mold), the surface treatment 
of the master and finally the PDMS chip realization (the 
slave).

The CAD of the master was designed in Solidworks, as 
described in detail in Sect. 2.2, and sent to the 3D Printer 
(Object 30). It has a resolution of 49 μm in the work plane 
and, of 28 μm along the z axis, that is the direction along 
which the printhead of the printer moves. The accuracy 
is around 0.1 mm with slight variations depending on the 
geometry, the size, the orientation, the material and the 
post-processing method. Two polymers are used by the 
printer: the Whiteplus 835 (inspired by ABS) is the main 
polymer and the FullCure 705 is the support polymer.

Fig. 7   The ray-tracing results obtained in simulations for CAD400 when the channel was filled respectively by air (in left column) and water (in 
right column): the plots in (a, b) are the rays paths; the plots in (c, d) are the spatial (2D) distributions of the rays at the test section
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In the second step a thin layer of Sokalan, in a solu-
tion with a solvent, was deposited on the printed master 
to improve the affinity surface and to ensure an easy peel-
ing of the PDMS slave from the mold. After depositing the 
Sokalan, the master was placed in oven at 50 ◦C for 5 min, 
because the Sokalan has to be perfectly dry so as not to 
compromise the next step of PDMS polymerization.

The two components of PDMS (Sylgard 184 elastomer 
kit, Dow Corning), the silicone and the curing agent, were 
mixed together according to the proportion (10:1) for the 
device layer and with a proportion of (5:1) for the bulk 
cover layer. After the degassing, the PDMS was poured in 
the master and placed in oven at 50 ◦C for 24 h. Finally, the 
PDMS device was peeled from the master and assembled 
with a 0.5 mm thick bulk by a reversible bound procedure.

Two PDMS devices were realized: Device400 related 
to the CAD400 and the Device200 associated to CAD200. 
In Fig. 9 for the Device400, a digital microscope zoom of 
the area with the micro-channel test section and the three 
optical fiber insertions and a scanning electron micro-
scope (SEM) image in the area closer to test section are 
shown.

3 � Experimental results and discussion

Two experimental tests were carried out: the first, consid-
ering one fluid flowing inside the channel, for the device’s 
static characterization, and the second, for the device’s 
dynamic characterization, by generating a two-phase 
flow. The comparison of the performance obtained with 
Device400 and Device200 is presented.

A global representation of experimental setup consid-
ered for the characterization of the devices is shown in 
Fig.  10a. A picture of the micro-optofluidic device con-
nected with the three optical fibers and the inlet and outlet 
tubing is in Fig. 10b. Three multi-mode optical fibers with 
a N.A. = 0.22 (SMA to free end, by Thorlabs) were used 

and the core diameter, according to the device design, was 
of 365 μm for Device400 and of 200 μm for Device200 (see 
Table 2).

To enlighten the micro-channel test section, in both 
experiments the free end of the 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) with a wavelength of 660 nm and an output power of 
1 mW. The same setup was realized for the other two opti-
cal fibers: the free ends clamped onto the output optical 
fiber insertions (OF1 or OF2) and the SMA-ends connected 
to the detectors.

A pair of syringe pumps (neMESYS by Centoni Gmbh) 
was used to generate a controlled flow into the micro-chan-
nel. For a visual inspection of the process, a digital USB 
microscope with a direct illumination was placed above the 
micro-optofluidic device.

3.1 � Static characterization

A constant single-phase flow of air or de-ionized water was 
pumped into the micro-channel with an input flow rate of 
0.01 ml min.

Fig. 8   Comparison of the performance considering the device CADs: 
CAD400, CAD200 and CAD100. The bar-plot reports the percentage of 
rays incidence on the surfaces of interest at the air and water passage

Fig. 9   PDMS Device400. a The digital microscope image of the area 
with the micro-channel and the three optical fiber insertions, b a SEM 
image in the area closer to the test section
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One output fiber was used at a time and connected with a 
power meter (PM3 by Coherent) to detect the light reflected 
at the air passage by the insertion OF1, or the light transmit-
ted at the water passage by the insertion OF2, respectively.

In Fig.  11 two pictures related to the air passage and 
water passage acquired by the digital microscope are 
shown. As it is possible to observe, when the micro-chan-
nel is filled with air the larger amount of light is reflected 
and detected by the output fiber OF1 in spite of the lower 
power being directed toward the output fiber OF2. Con-
versely, when the micro-channel is filled with water the 
higher power is detected by the output fiber OF2.

For both Device400 and Device200 the total power 
losses in the reflection condition toward the fiber OF1 at 
the air passage and in the transmission condition toward 
the fiber OF2 at the water passage, in relation to the power 
of the laser beam generated at the input, are reported in 
the bar-plot of Fig. 12. The losses for the Device400 are 

around 4  % higher in transmission at the water passage 
than in reflection at the air passage, consistently with the 
results in simulation. This difference is no more evident 

Fig. 10   a A global representation of experimental setup realized for 
the device characterization. b The picture of the micro-optofluidic 
device connected with the three optical fibers and the inlet and outlet 
tubing

Fig. 11   The pictures acquired by the digital microscope related to 
the air passage (above) and water passage (below) during the static 
characterization. a The micro-channel is filled by air and the larger 
amount of light is reflected and detected by OF1. b The micro-channel 
is filled by water and the larger amount of light is transmitted and by 
OF2

Fig. 12   The comparison of power total losses in dB, for the 
Device400 and the Device200, in the reflection condition toward the 
fiber OF1 at the air passage and in the transmission condition toward 
the fiber OF2 at the water passage
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for Device200, which has an equal performance in both 
conditions but worse than the one of Device400. This per-
formance worsening is due to the fiber N.A., as in sim-
ulations, and additionally, it could be caused by some 
impurity related to the Sokalan salt of the order of 10 μm 
still present in the device (see Fig. 9b), introducing a dif-
fuse light scattering dominant at lower dimensions. The 
residual light power (see Fig. 11), that reaches the other 
optical fiber in both conditions, is of the order of some 
μW in OF2 at the air passage and one order less at the 
water passage. 

3.2 � Dynamic characterization

The two-phase flow was generated at the micro-channel 
T-junction by pumping both air and de-ionized water with 
a constant flow rate of 0.01 ml min. The two output optical 
fibers were connected to two photodetectors (PDA100A by 
Thorlabs) coupled with a digital oscilloscope (MSO7054A 
by Agilent, sampling frequency of 500 Hz) for a continu-
ous and simultaneous monitoring of the light signals both 
reflected (OF1) and transmitted (OF2).

An initial characterization of the single-phase flow, 
pumping only air or DI water into the micro-channel, was 
performed. The mean voltage values of the signals acquired 
in the case of air passage at the fiber OF1 and in the case of 
the water passage at fiber OF2 are, for Device400 {0.785 and 
2.73} V and for Device200 {0.47 and 2.08} V. The residual 
voltage (see Fig. 13) due to the light that reaches the other 
optical fiber in both conditions is of the order of 10−1 V. In 
the output fiber OF1 the signal is higher at the air presence 
(in the reflection condition) while in the output fiber OF2 
the signal is higher at the water presence (in the transmis-
sion condition).

During the continuous two-phase flow generation, the 
square wave trend of the signals detected at both output 
fibers reflects the air–water segmented flow in the micro-
channel as shown in Fig.  13 for the Device200 and the 
Device400 . A faster flow with smaller slugs is detected in 
Device400 since the micro-channel diameter is greater.

The dynamic characterization of the switching process 
and its repeatability was proved by comparing the results 
obtained for Device400, in the other two flow conditions. 
Meanwhile in the initial experiment (labelled following 
experiment-1) the fluids used were the DI water and air, in 
the second experiment (labelled following experiment-2) 
the DI water was substituted by the Hexadecane (Sigma-
Aldrich) with oil-soluble surfactant Span 80 (Sigma-
Aldrich) at 2  wt%. As its refractive index (NHx = 1.434)  
is close to that of the DI water, in the device realization 
the only parameter modified was the displacement of the 
output fiber (d). In experiment-3 the fluids used were again 
DI water and air but the surface of the micro-channel was 

previously applied with Hexadecane (Sigma-Aldrich) and 
oil-soluble surfactant Span 80 (Sigma-Aldrich) at 2 wt%.

For both optical fibers (OF1 and OF2) the mean of the 
switching time was computed, taking into account the ON–
OFF and OFF–ON passages, as reported in Table  3. The 
ON–OFF and the OFF–ON switches occur at the air–fluid 

Fig. 13   The square wave trend detected during the continuous two-
phase flow generation at both output fibers reflects the air–water seg-
mented flow in the micro-channel. a Device200 and b Device400

Table 3   The mean of the switching time in ms considering the ON–
OFF and OFF–ON passages, for both output fibers OF1 and OF2

OF1 OF2

Air–fluid
(ON–OFF)

Fluid–air
(OFF–ON)

Air–fluid
(ON–OFF)

Fluid–air
(OFF–ON)

Experiment-1 6 18 4 20

Experiment-2 8 10 8 8

Experiment-3 6 6 6 6
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and fluid–air passages for the OF1, and vice-versa for the 
OF2. It is possible to observe that the best conditions were 
obtained in experiment-3, where the use of water leads to 
a faster switching time of 6  ms and the moistened walls 
inside the micro-channel stabilizes the transition process 
keeping its value constant at both passages.

4 � Conclusions

The PDMS micro-optofluidic switch presented in this 
paper consists of a T-junction and three optical fiber inser-
tions realized by 3D printing technology. It allows a two-
phase flow to be detected as well as an input laser beam to 
be steered. A two-phase flow was generated at the T-junc-
tion by two streams of air and a second fluid (water or oil). 
When the laser beam interacts with the microfluidic flow, 
depending on the fluid in the channel and the laser beam 
angle of incidence, a different signal level is detected. So a 
continuous air-fluid segmented flow will generate a signal 
that switches between two values.

This device can be considered an evolution respect to 
the standard chip being several aspects related to the use 
of optical techniques to interfere with a microfluidic flow 
embedded all together. In literature the laser light is used 
to control the displacement and the detection of the bub-
bles, the design of this chip is conceived in a way to be eas-
ily adaptable to both uses without the need of any external 
optic components. It is important to underline: the simplic-
ity of the design, no lenses and mirrors were necessary to 
obtain satisfactory results, using the simplicity of 3D tech-
nology. The master of the device was fabricated by low-
cost 3D printing technology and a protocol for the realiza-
tion of the PDMS chip is presented. Although, up to now, 
3D printed structures cannot compete with the resolution of 
those obtained by the soft-lithography, satisfactory results 
are shown in both the static and dynamic characterizations 
with a micro-channel width of up to 200 μm. The sensitiv-
ity of the system to capture changes at the flow passage was 
enhanced by applying the chip wall with hexadecane plus 
span 80.

For a smaller diameter, as expected from simulations, 
the introduction of micro-lenses would be necessary for 
a light beam enhancement and losses reduction. As it can 
be noticed in the SEM picture of the CAD400 (see Fig. 10) 
some residual Sokalan crystals on the PDMS surface cre-
ate a light diffusion. Indeed in relation to the high level 
of precision required in the realization of micro-lenses an 
improvement in the protocol will be studied.

Thanks to the simplicity in terms of the design and the 
low production cost, the micro-optofluidic chips realized 
by 3D technology could represent an important step ahead 

in the realization of devices with an higher level of func-
tional complexity.
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