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Abstract

In this work, the use of projection micro-stereolithography (PuSL) to 3D print a micro-optofluidic device for slug flow
detection is presented. For comparison purposes, a poly-dimethylsiloxane (PDMS)-based device was also manufactured by
a novel master—slave 3D printing approach. The micro-optofluidic device has a microfluidic T-junction with a micro-optical
section that consists of two optical fiber insertions used for slug flow detection. The design of the device also includes two
micro-channels for the optical fiber’s insertion, needed to acquire a light signal, which give a direct information about the
microfluidic channel inner flow by exploiting the absorption phenomenon. 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 two
materials used for the two manufacturing approaches were fully characterized in terms of their surface properties via both
Atomic Force Microscopy (AFM) and angle of contact measure.

The process within the two micro-channels was monitored optically and a signal correlated to the slug passage was analyzed
for the flow tracking. A wide experimental campaign was done for the device manufactured through the PuSL technique in
different operative conditions. Thus, the optimal one was identified through the Analysis of Variance (ANOVA). Then, a
detailed comparison between the slug process detected inside the HTL resin device and the PDMS device was carried out
to evaluate the pros and cons of using different materials and fabrication techniques. The analysis run on the two devices
revealed that the HTL resin device can be used for slug flow detection, but future research is still needed to obtain a resin
allowing to outperform the PDMS device.
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1 Introduction

Lab-on-a-chip has gained a significant attention starting
from 1990s [1]. In these devices, a micrometric channel
allows small volumes of fluids to be tested. Lab-on-a-
chip devices can perform many operations usually needed
in conventional biochemistry laboratories, from sample
preparation to reaction, detection, and other procedures
[2, 1]. Moreover, their use is widely spreading thanks to
advantages in terms of low-cost in manufacturing; power
consumption saving; reduced time of analysis; and mostly
a small fluid expenditure for biological, chemistry, and
medical applications [3-5, 7, 8]. Within this context,
lab-on-a-chip devices are used to detect and control slug
flows into micro-channel, both in biomedical fields and
chemical processes [5-9]. The term slug flow
refers to two immiscible fluids, which can be gas—liquid,
immiscible liquid-liquid, or liquid and microparticles,
one dispersed in the other, and circulating into the same
microsystem [10, 11]. Among the methods present in lit-
erature to detect slug flows, the optical one is advanta-
geous in running an ample range of measurements and
being minimally invasive [10].

In this study, a portable micro-optofluidic device designed
by the authors [12, 13] was manufactured by using two dif-
ferent 3D printing techniques, the first one is the Projec-
tion Micro Stereolithography (PpSL) technique using the
photocurable HTL resin, while the second one is the master—
slave approach using the poly-dimethylsiloxane (PDMS).
The slug process inside microchannel was monitored opti-
cally to evaluate its stability and the fluid interaction with
the used materials. Thanks to the proposed fabrication
approaches, it is possible to reduce the fabrication costs and
maintain a satisfactory building resolution.

In the past, the microfluidic devices were produced
by means of deposition, microfabrication photolithog-
raphy, and etching processes. The materials used were
silicon, quartz, and glass [14-19]. However, many dis-
advantages were experienced with these approaches as
high raw material costs, time-consuming, and expensive
processes needing cleanrooms and limited channel geom-
etries. To overcome all these limits, polymers were intro-
duced since they are cheaper than glass or silicon [20],
suitable for mass production, and biocompatible. Fur-
thermore, polymers display good gas permeability, which
is fundamental for biochemistry applications, together
with a satisfying optical transparency, that is essential in
microfluidics to implement optical detection methods for
observing and extracting information from biological or
chemical samples [21-26].

Among all the polymer types tested in the past dec-
ade, PDMS has emerged as the preferred choice [27].
PDMS can be easily molded by casting to create micro
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and nano-structures with a fabrication process called soft
lithography [28]. PDMS has relevant good properties,
like nontoxicity, low temperature curing, and transpar-
ency down to 280 nm which enable the use for optical
detection, good gas permeability, and it is chemically inert.
However, some important limitations can be evident in
its use. First, once the PDMS device is fabricated, it is
possible that the micro-channel walls will undergo sur-
face deformation due to the exposure to non-polar organic
solvents. These variations are caused by the swelling phe-
nomena. Second, being the PDMS quite chemically inert,
in the manufacture of devices, it does not allow permanent
bounding with itself and it is not easy to permanently
attach molecules or polymers of a different nature to its
surface [1, 29]. This limits the possibility to assemble
complex structures because of poor adhesive bonding.
Nonetheless, recent progress to alter deliberately PDMS
surface and bulk properties is presented in [30] and dif-
ferent strategies to bond PDMS with various rigid and
flexible substrate materials are presented in [31]. Third,
PDMS softness and thermal expansion make difficult to
obtain high dimensional accuracy [28]. From the process-
ing point of view, even if the soft lithography is a low-cost
process, it takes a long time to produce a device, since
it requires several processing steps for the manufactur-
ing: fabrication of the master mold, PDMS liquid polymer
mixing preparation, casting procedure, PDMS curing, and
demolding [32].

The proposed novel approaches based on 3D print-
ing technologies and the used materials (PDMS and HTL
resin) overcome all these weaknesses to manufacture
micro-devices.

The standard master—slave micro-fabrication methods,
such as soft lithography and photolithography, traditionally
used to fabricate lab-on-a-chip [28, 33] are expensive and
time-consuming [34] and in particular suffer from limited
availability of compatible biological materials [35]. The
most widely used material with these fabrication meth-
ods is PDMS, thanks to its biocompatibility and flexibil-
ity [30]. The possibility to print a microdevice in one step
with PDMS is still under investigation [36]; on this purpose,
an ad hoc master—slave fabrication protocol PDMS—-based
3D printing was implemented by the authors [12, 13]. The
master—slave protocol, nevertheless, needs more steps for
fabrication, offers several advantages including the need
of simple equipment, the use of low-cost materials, and no
strictly controlled environment.

The second proposed 3D printing approach is the vat
polymerization technique named PuSL patented by the
company BMF (www.bmf3d.com) using the photocurable
HTL resin. The PuSL shows several advantages: short
turn-around time, down to micron precision, and complex
shape printing. The HTL resin-based 3D-printed device was
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manufactured in one piece (with no assembly between parts)
and uses a one-step manufacturing procedure [1, 25, 26].
The authors’ proposed method is an alternative to the stereo-
lithography technology, which is recently used to fabricate
organ-on-chip for their compatibility with biomaterials [37,
38].

In this work, the two innovative approaches, PDMS-based
3D printing and PuSL 3D printing, open the way to new
fabrication strategies in lab-on-a-chip and organ-on-a-chip
devices realization. In particular, two micro-optofluidic
devices, having the same geometry integrating both micro-
optical and microfluidic components, have been designed
for slug flow detection in micro-channel. The process was
monitored optically and a signal correlated to the slug pas-
sage was analyzed for the flow tracking. A wide experimen-
tal campaign was done in different operative conditions. The
information related to the slug passage, extracted from the
signals, was considered to characterize the process within
the HTL resin device. The stability of the process was inves-
tigated by using a replicated general factorial design. This
also allows to identify which is the experimental operative
condition for the optimal use of the micro-device. Once the
optimal operative condition was selected, a detailed com-
parison between the slug process detected inside the HTL
resin device and the PDMS device was carried out to evalu-
ate the pros and cons of using different materials and fab-
rication techniques. The two materials used for the device
manufacturing, i.e. PDMS and the HTL resin, respectively,
were then analyzed in terms of their surface’s roughness and
water angle contact to fully understand the hydrodynamic
differences detected within the two micro-channels.

2 Materials and device processing
techniques

2.1 Materials

The master—slave for PDMS casting was printed using
two materials: VeroWhitePlus RGD835 and FullCure705.
RGD835 was purchased from OVERMACH S.p.A. (Parma,
Italy) and it is a proprietary blend of acrylate monomers and
photoactivators. FullCure705 was purchased from OVER-
MACH S.p.A. (Parma, Italy) and, as for RGD835, it is a
proprietary blend of acrylate monomers and photoactivators.
FullCure705 is a breakaway support which is removed by
water jetting once the printing process is accomplished. The
breakaway support is not part of the final device and is only
needed to print not supported cavities.

The master—slave was 3D-printed on a 3D Printer Strata-
sys Objet260 Connex1 (Stratasys, Los Angeles, CA, USA)
and it was used as mold to cast the Device I. For casting
Device 1, the SYLGARDTM 184 Silicone Elastomer Kkit,

composed by a Polymethyl Siloxane (PDMS) elastomer and
a suitable curing agent, was purchased from Farnell Italia
S.R.L. (Sylgard 184 elastomer kit, Dow Corning, 148 Mid-
land, Michigan, USA). The procedure used for the manufac-
turing is detailed elsewhere [39].

HTL resin is a high performance, rigid, and heat-resistant
yellow resin proprietary developed by Boston Micro Fabri-
cation (BMF, Maynard, Massachusetts). HTL was used to
manufacture the Device 2 printing on the microArch®S140
ultra-high resolution (10 pm) 3D printer (BMF, Maynard,
Massachusetts). This resin grade was selected because of
its temperature stability and mechanical properties making
it suitable for autoclave sterilization. The resin has, accord-
ing to its technical data sheet (TDS), a heat distortion tem-
perature (HDT) equal to 140.7 °C (@0.45 MPa) and a Glass
Transition Temperature (Tg) of 172 °C. This last parameter
is the temperature at which the amorphous regions experi-
ence transition from rigid state to more flexible state making
the temperature at the border of the solid state to rubbery
state [40]. Therefore, the resin is suitable for repeated auto-
clave cycles making the device suitable for multiple reuses.

2.2 Micro-optofluidic device design and working
principle

The micro-optofluidic system that we tested in this work
exploits the absorption phenomenon, thus being two differ-
ent fluids characterized by two different refractive indexes;
once an incident laser beam interacts with them, it will be
possible to have a different nature of transmission of the light
strictly dependent on the fluid with which it is interacting at
a precise moment. The working principle is shown in Fig. 1.
To practically exploit this physical principle, the geometry
of the micro-optofluidic device has been appropriately deter-
mined, also thanks to the help of appropriate simulations
reported in previous studies [2]. Briefly, the device has two
inlets, necessary for the inlet of the two fluids characterizing
the two-phase fluid to be studied, which are connected to
the two micro-channels that, forming a T-junction, guaran-
tee the formation of the slug flow. At a sufficient distance
from the T-junction for the two-phase flow stabilization,
with orthogonal orientation to the main microfluidic chan-
nel, the micro-channels for the optical fiber’s insertion have
been designed. From one side of the device, the input optical
fiber conveyed the laser light, which by crossing through
the center of the microfluidic channel, is then detected by a
second optical fiber (the output one), which is aligned with
the input one. Using this design, it was possible to acquire a
light signal giving direct information about the microfluidic
channel inner flow. The flow exits from the main microflu-
idic channel through an outlet which conveys the fluid to a
pressure sensor which can be used as a further detection tool.
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Fig. 1 Working principle of the
investigated micro-optofluidic
device

Output Optical Fibre

Input Optical Fibre

The two devices manufactured by the two processing
approaches have the same design in terms of micro-channel
dimensions, optical section location, inlet and outlet channels
dimension, and T-junction geometry. As shown in Fig. 2, all
these features characterize the two devices, although some
changes have been made to Device 2 made in HTL resin, in
terms of inlets and outlet positioning, compared to Device
1 made in PDMS [39]. This choice allowed to improve the
flow stabilization because of the absence of abrupt direc-
tion changes. In fact, even if the inlets and outlet channel’s
dimension remained unchanged, these are orthogonal to the
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microfluidic channel in Device I and, instead, are coaxial
and aligned with the main microfluidic channel in Device 2.
The former design choice for PDMS device is forced by the
manufacturing approach that, being based on resin’s casting,
makes unpractical to realize coaxial inlets and outlets.

2.3 Micro-optofluidic device fabrication processes
In this study, two devices, which differ from each other for

the fabrication process and the raw materials used, were
compared. The first micro-optofluidic system (Device 1) was

40

11

(b)

A

Fig.2 Comparison from the top view between a Device 1 (PDMS) and b Device 2 (HTL resin) geometries. Sizes are expressed in mm
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1. Design of the Master and
Fabrication via 3D Printing

6. PDMS Micro-Optofluidic Device

»

2. 3D Printed
Micro-Optofluidic Master

P —

5. PDMS Micro-Optofluidic Device
removing from the Master

3. UV Treatment of the Master Surface

4. PDMS Casting into the Master

Fig.3 Procedure followed to fabricate the final Device I

realized using PDMS with a fabrication process which has
already been explained elsewhere in detail [27]. The fol-
lowed fabrication procedure is summarized in Fig. 3.

The Device 2, conversely, was directly manufactured by using
the PuSL technique, which allows for ultra-high resolution,
accuracy, and precision. PuSL is a hybrid technique combining
the benefits of SLA (Stereolithography) and DLP (Digital Light
Processing) 3D printing techniques. Basically, micro-sized parts
are printed in the top down direction, as it happens in the SLA,
but the resin is cured as done in DLP, i.e. by using a digital
projection screen rather than a small spot laser.

Fig.4 Steps followed to fab-
ricate the final Device 2 with N
PuSL approach g

1. CAD

2. STL file
generation

Device 2 was designed using Autodesk® Fusion 360
first and then the STL file was transferred to the 3D printer
for the build step (Fig. 4). The microArch® S140 ultra-
high resolution (10 pm) 3D printer was used for the
printing.

The Device 2 being designed and printed as a single
piece avoids fluid leakage phenomena or adhesive bonding
issues. In addition to that, this processing approach allows
to directly integrate the inlets and outlets for fluid flow in
the device itself.

3. Build
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3 Characterization techniques
3.1 Slug flow detection setup

The slug flow through the micro-optofluidic device has
been obtained by simultaneously pumping deionized water
and air through the two inlets and the T-junction geometry.
In fact, the two inlets have been connected to two different
syringe pumps (neMESYS low pressure module, Cetoni
GmbH, Korbussen, Germany), which have been filled with
deionized water and air, respectively. The constant flow
rate has been varied at three levels: {0.1, 0.2, 0.3} ml/min.

A laser system (NovaPro 660-125, RGB Lasersystems,
Kelheim, Germany) with an emission wavelength equal
to 600 nm and an output power ranging between 1 and 3
mW has been used as the light source aimed at detecting
the two phases.

Finally, to test the designed micro-optofluidic device,
three different measurement systems have been considered:

e A photodiode (PDA100A, Thorlabs, Newton, NJ, USA)
with a gain range between 30 and 40 dB, measuring the
light intensity variation, connected to a PC oscilloscope
(Picoscope 2204 A, Pico Technology, Cambridgeshire,
UK) with a sampling frequency of 1.5 kHz.

e A digital USB microscope placed above the optical
acquisition section that allowed the interactions between
the main microfluidic channel and the light transmission
to be monitored.

e A pressure sensor (SLF3S-1300F, Sensirion, Stéfa, Swit-
zerland), having a sampling frequency equal to 200 Hz,
monitoring the stability of the upstream fluid flow rate
externally to the channel.

A block scheme and a real picture of the experimental
setup used for the slug flow detection are shown in Fig. 5a
and b, respectively.

3.2 The acquired signal and its processing

The acquired signals by the photodiode are a square wave.
This behavior is justified by the different refractive index
that characterizes the two fluids generating the tested two-
phase flow; the refractive indexes for the air and the water
are respectively equal to ny;, = 1.0 and ny,,,,. = 1.3.

Under these conditions, the higher level of the square
wave signal corresponds to the water slug, while the lower
level corresponds to the air slug. Each transition from the
high to the low level of the square wave is characterized by
the presence of signal peaks depending on the transitory
phase between the two fluid fronts. The signal detected by
the photodiode is shown in Fig. 6.

The optical signals need signal smoothing. The signal
post-processing was carried out using a Matlab (Math-
Works®) routine as described elsewhere in detail [28]. After
the acquisition phase, a low-pass filter with a 40 Hz cut-
off frequency has been applied to saturate the signals, thus
eliminating high frequency components. Then, a smoothing
procedure has been run to generate perfect square wave sig-
nals. By overlying the square wave to the saturated signals, it
has been possible to identify the time frames corresponding
to the air detection (7,), and the time frames corresponding
to the water detection (7',) by the device.

In addition, to evaluate the mean period associated to a
complete air—water slug passage, the optical signal has been
analyzed in the frequency domain. In fact, by obtaining the
frequency spectrum, at first it was possible to determine the
frequency peak (f,;,), and then it was possible to determine
the mean period 7, by calculating the reciprocal of this
parameter.

3.3 Surface characterization techniques

Two surface characterization techniques were used: Atomic
Force Microscopy (AFM, NTEGRA, NT-MDT, Zelenograd,

(a)

Syringe Pumps

CCD
Acquisition

Pressure
Sensor I
Photodiode
Acquisition

Micro — Optofluidic
Chip

Fig.5 Experimental setup: (a) block scheme and (b) real picture
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Fig.6 Optical acquired signal
interpretation by acquired CCD
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Russia) to characterize surface’s roughness [41] and static
water angle to measure hydrophilicity.

The AFM test was run in semi-contact mode, with a rate
equal to 0.5 Hz, and by using a tip ETALON series (NT-
MDT, Zelenograd, Russia) characterized by a resonant fre-
quency of 140 + 10% kHz. The software used to measure the
surface roughness in AFM figure is Image Analysis of Nova
Px. In the AFM analysis, a 5x 5 pm? area was investigated.
For each analysis, three parameters were evaluated, which
are the roughness distribution in the square surface (RMS),
average roughness (RA), and the peak to peak parameter. All
the characterized surfaces were obtained from the process-
ing methods reported above without any further treatment.

Static water contact angle () measurements were run to
evaluate the surface hydrophilicity of the two used materials.
A Lite Optical Tensiometer TL100 with an accuracy of +
3°, at room temperature and in air atmosphere, was used for
the experiments. The test was carried out as follows: first,
5 pL of Milli-Q water drop, having a resistivity equal to
18.2 M Q at 25 °C, was deposited on the device’s surface
with a calibrated micro-syringe; next, measurements of 0
were made on both sides of the two-dimensional projection
of the droplet. Five different sets of measurements have been
performed on different surface portions of every sample to
obtain statistically reliable results.

3.4 PDMS and HTL resin transparency evaluation

In order to assess the optical properties of the two investi-
gated materials for the realization of the micro-optofluidics
devices, a transmission analysis was carried out using a
spectrometer (USB2000, Ocean Optics, Dunedin, Florida).

The Ocean Optics Transmission Probe (T200-RT-VIS-NIR,
Ocean Optics, Dunedin, Florida) is connected to a halogen
light source (LS-1, Ocean Optics, Dunedin, Florida) and to
the spectrometer. The probe has two fibers with a diameter
of about 200 um: one illuminates the sample and the other
one allows the operation of reading. The transmission is the
percentage of energy passing through a system relative to
the amount that passes through a reference. In the analysis,
the reference sample of Polytetrafluoroethylene (PTFE) was
considered in order to calibrate the instrument at a transmis-
sion value of 100%. After the operation of calibration, the
measurements were taken from the two materials.

4 Results and discussion

4.1 Surface analysis

For many applications in microfluidic technology, the behav-
ior at the solid-liquid interface is of relevant importance. For
example, changes in the fluid wetting ability may affect
the exchange momentum of the fluid with the solid surface
at the atomic scale, resulting in a velocity slip at the solid
wall. Thus, considering that in this paper water is the main
flowing fluid, it is important to measure the solid surface
behavior. To be more specific, hydrophilic surfaces are
more attractive toward water since, being they bear electric
charges or polar groups, water molecules interact favorably
with them. Instead, hydrophobic surfaces are water unat-
tractive because, being them non polar, they cause water
molecules to lack of hydrogen bonding partners [42, 43].
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Fig.7 Roughness measurements of (a) PDMS and (b) HTL resin surface

Moreover, the flow characteristics in micro-channels may
be different from the classical theory for macro-channels.
Many experimental and numerical results demonstrated that
the friction factor is much higher in micro-channels than in
macro-ones [44]. In this context, the surface roughness is
of fundamental importance for the understanding of these
deviations, since by reducing the channel dimensions, the
roughness importance increases. For all these reasons, both
the static water contact angle and surface roughness must be
evaluated to gain a complete understanding of the hydrody-
namic nature of the two-phase fluid into the micro-channels
of the two studied devices.

The surface roughness of the PDMS and HTL resin
was evaluated using Atomic Force Microscopy (AFM). In
AFM, the probe tip is fixed to a cantilever beam. The probe
interacts with the surface and the resulting force deflects
the beam in a repulsive manner, as described by Hooke’s
Law. In the same manner that a spring changes dimensions
under the influence of forces, the attractive and repulsive
forces between atoms of the probe and the surface can also
be monitored when brought extremely close to each other.
Hence, the net forces acting on the probe tip deflect the can-
tilever, and the tip displacement is proportional to the force
between the surface and the tip. As the probe tip is scanned
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across the surface, a laser beam reflects off the cantilever. By
monitoring the net (X, y, and z) deflection of the cantilever, a
three-dimensional image of the surface is constructed [45].

The obtained results from AFM analysis are shown in
Fig. 7a for the PDMS and in Fig. 7b for the HTL resin.

The surface roughness of the HTL resin is higher than
the PDMS ones (Table 1), in fact both the RMS and the RA
parameters evaluated for the HTL resin are the 97% higher
than the PDMS ones. Moreover, according to the results,
while for the HTL resin a thick web of filaments was spot-
ted on the surface, the PDMS one appeared strongly flat-
ter. While for PDMS, the analysis revealed the presence of
some scattered nanometric bubbles which can origin from
entrapped air or residual solvent. The PDMS surface rough-
ness analyzed with the AFM is the surface in contact with the
3D-printed mold. In literature, the PDMS surface roughness
values obtained for many 3D-printed microfluidic devices are

Table 1 AFM analysis results for PDMS and HTL photocurable resin

Material investigated RMS RA Peak to peak
[nm] [nm] [nm]

PDMS 1.097 0.763 35.158

HTL resin 47.056 37.324 259.121
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Table 2 Contact angle

Material Investigated CA
measurement results for PDMS [°]
and HTL photocurable resin
PDMS 111.84
HTL Resin 64.36

of the order of about~2 pm [46, 47]. An UV gel smoothing
technique allowed to change the surface roughness from 70
to 3 nm [48]. In this work, an UV treatment was applied to
the 3D master achieving a PDMS surface roughness of 1 nm.

The relative roughness of the microfluidic channels can
be measured as the ratio between the RA parameter and
the side of the channel (this being a square section). This
parameter can be used to evaluate the flow stability in the
microchannel. For the studied surfaces, the relative rough-
ness was equal to 0.0001% and 0.0002% for PDMS and
HTL resin, respectively. In other papers, relative roughness
values of the order of magnitude of the micrometer were
reported showing, for the devices, an increase of 8-38% for
the friction factors over the classical theory [49, 50]. There-
fore, the values measured here let to conclude that there
will be no instability of the flow inside the channel, i.e.
flow slowdown or inhibition, for the manufactured devices.
These measurements showed that both the used manufac-
turing techniques can guarantee a stable flow inside the
microchannel.

The water angle contact measurements are shown in
Table 2. The contact angle for the PDMS was equal to
111.84°, while the HTL resin presented a value of 64.36°.

The micro-optofluidic devices have been tested by using
an aqueous two-phase system. In some previous studies,
high water angle contacts showed advantageous results
because when the aqueous droplets encounter a wall, they
bounce off instead of sticking [51]. In other studies, low
water contact angles resulted in some flow complications
due to the adhesion of water droplets to the wall [52, 53]. In
order to unveil issues with flow advancement and process
stability within the channel, slug flow detection set up for
Device 2 was studied as reported in the following.

4.2 Optimization of the slug flow detection set
up for the Device 2

To optimize the slug flow detection set up for the Device 2,
a replicated general factorial design was carried out. Two
design factors (independent variables) have been considered
for the test procedure: the laser input power (factor A) and
the fluid flow rate (factor B). While factor A has been varied
at two levels (a = 2), factor B has been varied at three levels
(b =3). The a = 2 levels correspond to 1 mW and 5 mW,
respectively. The b = 3 levels correspond to {0.1,0.2,0.3}
ml/min. The number of replications has been set equal
ton = 3, foratotal of N = a X b X n = 18 experimental runs.
The experimental plan is summarized in Table 3.

Next, the following responses (dependent variables) have
been considered for the experimental plan:

e The voltage difference (AV) is defined as the difference
between the grand averages of the observations meas-
ured at the high and the low level of the square wave
optical signal, respectively. The calculation of the volt-
age difference (AV) is as follows: by starting from the
optical signal acquisition for a period of 15 s, the signal
is post-processed as previously described. Next, in each
acquired and post-processed optical signal, the sequence
of high-level values in the wave square is collected in a
time order, thus getting a single sample of V(i) observa-
tions, fori = 1, ..., N,,. The same procedure is performed
for the low levels of the square wave, thus obtaining a
single sample of V,(i) observations, fori = 1, ..., N,. Here
N, € (2,5+10°,10"and N, € (2,5« 10°, 10*). Next, the
corresponding sample mean values (X , and Z) and sam-
ple standard deviations (s, and s,) are evaluated for each
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Table 3 Experimental plan:

i i Factor Symbol Type Unit Low Center High
factors and levels level level level
(=D 0) (+D
Laser input power A Numerical [mW] 1 -
Flow rate B Numerical [ml/min] 0.1 0.2 0.3

sample V,,(i) and V,(i), respectively. Having both V(i) and
V(i) a very large number of observations, both their sam-
ple means (‘711 and \_/,) are approximately normal random
variables with estimated parameters:

—_ f— Si
V, ~ N(Xh, E)
—_ — 2
V, ~ N(X,, i)

Starting from this assumption, the response AV is a
normal random variable having distribution:

— — — — 2 S2
AV=V,-V,~N xh—x,,N—h+]7’
h 1

e The second investigated response is the mean period
(T,;,) associated to a complete air-water slug passage,
obtained as the reciprocal of the frequency peak gained
from the amplitude spectrum of the acquired optical sig-
nal:

1

T,=—=<T,>+<T,>

p fph

In particular, the first response AV is considered to show
that the optical part of the device is really able to discrim-
inate between the two fluids that make up the slug flow.
While the second response 7, is taken into account to eval-
uate if a real hydrodynamic stability is achieved into the
micro-channel.

Once the response observations have been calculated, an
Analysis of Variance (ANOVA) study has been performed to
investigate the statistical significance of each factor and their
interaction. The observations regarding the first response,

Table 4 Observations AV [V] for the investigated scenarios. Fac-
tors: Input Power (P) and Flow Rate (FR). P = {1,5} mW; FR =
{0.1,0.2,0.3} ml/min

Flow Rate [ml/min]

0.1 0.2 0.3
Input 1 (159, 1.75, (1.47,1.69, (1.37,1.52, 1.42)
Power 1.47) 1.25)
mW] 5 (292,273, (2.69,2.72, (2.54,2.51,3.39)
3.51) 3.05)

for all the investigated scenarios and all the run replications,
are summarized in Table 4. While the ANOVA table for the
AV response and a bar plot comparing the various cases are
shown in Table 5 and Fig. 8, respectively.

From the ANOVA study shown in Table 5, the laser
input power (factor A) is the only influential factor
(p-value <0.001) on voltage difference. Both the R-squared
and the adjusted R-squared have high values (R? = 0.89,
RZ g™ 0.87); thus, most of the variability in the observa-
tions is explained by the laser input power. From the model
adequacy checking on the residuals, no anomalies were
identified. Deeper investigation on the obtained results
shows that by increasing the input power of the laser, the
gap existing between the averages at the high and low lev-
els of the square wave optical signal almost doubles. This
results in a higher discrimination power of Device 2 between
air and water. However, increasing the input power leads to
a slightly higher dispersion in the observations. When the
laser power is at the low level, the discrimination power is
still sufficient. Therefore, it is convenient to design a higher
laser input power for all those scenarios where the differ-
ence between the refractive indexes of the two investigated
fluids is narrow.

The observations obtained for the mean period (7),,) are
summarized in Table 6 and shown in Fig. 9. The results of
the ANOVA study are shown in Table 7.

The flow rate (factor B) is the only statistically influenc-
ing factor on the mean period, as shown in the ANOVA

Table 5 ANOVA table for the response voltage difference (AV)

Source Sum of df Mean F value p-value
squares square
Model 8.854417 2 4427208 60.70683 <0.0001
A-input 8.72826 8.72826 119.6838 <0.0001
power
B-flow rate 0.126157 1 0.126157  1.729892 0.2082
Residual 1.093915 15 0.072928
Lack of fit 0.035664 3 0.011888 0.134802 0.9374
Pure error 1.058252 12 0.088188
Cor total 9.948332 17
R-squared 0.8900
Adj 0.8754
R-squared
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O n=1 B n=2 M n=3

{1mW;0.1ml/min} {1mW;0.2ml/min}

{1mW;0.3ml/min}

{5mW;0.1ml/min}

{5mW;0.2ml/min}

{5mW;0.3ml/min}

Fig. 8 Bar plot showing the voltage difference (AV), for each investigated scenario and replication. Bar errors have not been added because they

were strongly narrower than the bar height

study (Table 7). Although the parameter laser input power
(factor A) is clearly not influential (p-value > 0.001) on
the mean period, it has been considered in the study to
account for the possibility that at higher power values,
the fluid would be heated more, with a consequent lower
viscosity value and a higher fluid velocity. No anomalies
have been found from the model adequacy checking on the
residuals. Both the R-squared and the adjusted R-squared
have quite high values (R? = 0.75, Ridj = 0.71). The flow
stability is significantly improved at higher values of the
flow rate, thus suggesting designing a flow rate equal to
0.3 ml/min.

Summarizing the results obtained from the two responses,
it is reasonably legitimate to assume that a good test con-
figuration for the micro-optofluidic device should consider
(P, FR) =(5 mW, 0.3 ml/min).

The optical signals and the corresponding amplitude
spectrums related to the optimal operative condition are
shown in Fig. 10. The same plots for the other operative
conditions are available in the supplementary mate-
rial. Looking at them, it is possible to discriminate each
fluid of the two-phase flow. Even though the discrimina-
tion between air and water is always possible, the maxi-
mum and minimum levels of the square wave optical sig-
nals are not always at the same level by repeating the
signal acquisition under the same conditions. This phe-
nomenon can be attributed to centering problems between

the two optical fibers (input and output) since, once
inserted in the appropriate device’s slots, a little mechani-
cal backlash occurs. Nevertheless, what matters most is
that, by focusing on the first investigated response (i.e.,
voltage difference AV), a reasonable repeatability at the
same process condition for all the replications run was
spotted.

4.3 Comparative analysis between Device 1
and Device 2

Once the optimal operative condition was identified for the
Device 2, a comparison was carried out with Device I. The
aim is to identify the most performing device and the one
affected by the lower repeatability error. The comparison

Table6 7,, observations for the investigated scenarios. Fac-
tors: Input Power (P) and Flow Rate (FR). P = {1,5} mW; FR =
{0.1,0.2,0.3} ml/min

Flow Rate [ml/min]

0.1 0.2 0.3

Input 1 (1.88,1.87, (0.60, 0.94, (0.37, 0.50, 0.47)
Power 1.14) 0.60)

mW] 5 (1.87,1.87, (0.63,0.91, (0.37, 0.65, 0.47)
1.13) 0.60)
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Fig. 9 Trend related to the mean period (7),,) associated to a complete air-water slug passage for each investigated scenario and replication.

n=1, 2, 3 refer to the three run replications

between the two devices was carried out for all the investi-
gated responses. The chosen test set up for the comparison
was (P, FR) =(5 mW, 0.3 ml/min). This decision is justified
by the fact that setting the flow rate equal to 0.3 ml/min
showed to be the best operative condition for improving the
flow stability while choosing the laser power equal to 5 mW
allowed to have the highest discrimination between air and
water levels.

The results relating to the voltage difference (AV) are
summarized in Table 8 and in Fig. 11. The AV parameter
is always higher for the Device 1, having an average value
equal to 7.94V, compared to the Device 2, which has a
mean value equal to 2.81V. This result means that Device

Table 7 ANOVA table for the response mean period (7},;,)

Source Sum of df Mean F value p-value
squares square
Model 4.001519 2 2.00076 21.92583 <0.0001
A-input 0.000931 0.000931 0.010199  0.9209
power
B-flow rate  4.000589 1 4.000589 43.84147 <0.0001
Residual 1.368769 15 0.091251
Lack of fit 0.458317 3 0.152772 2.013578  0.1658
Pure error 0.910452 12 0.075871
Cor total 5.370288 17
R-squared 0.7451
Adj 0.7111
R-squared

@ Springer

1 better discriminates the two investigated fluids, since the
gap between the high and the low level of the square wave
optical signal is larger. This result is justifiable by the fact
that the PDMS is fully transparent, while the HTL resin
is not, as shown in Fig. 12. In order to assess the optical
properties of the two investigated materials, a transmission
analysis was carried out using a spectrometer (USB2000,
Ocean Optics, Dunedin, Florida). Considering a reference
sample with 100% of transmission, a value of 126% was
obtained for the PDMS and 17% for the HTL resin. This
result states a difference of transparency between the two
materials and it can be also seen in Fig. 12 where the fibers’
insertions and the channel are clearly visible in the PDMS
device in contrast to the HTL resin device. However, the
dispersion of observations collected by using the Device
2 (6 = 0.50) is much smaller than Device I (c = 1.72).
This result can be explained by considering that while the
Device 2 is manufactured with a high stiffness resin having
a Young’s Modulus value equal to 1.32 MPa, the Device I
is made of a flexible material which is characterized by a
Young’s Modulus of 3.9 MPa. Thus, the use of the PDMS
device can lead to difficulties in centering the two optical
fibers with a greater probability, because as soon as the
optical fibers are inserted into the micro-channels (having
a length ranging between 16 and 23 mm), they tend to flex
the device in an easier way for PDMS material than HTL
resin. For this reason, the alignment can lead to difficulties
in centering the two optical fibers resulting in higher vari-
ations for the measurements obtained.
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Laser Input Power = 5 [mW] - Flow Rate = 0.3 [ml/min]
(a) (b) (c)
R | |
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Fig. 10 Optical signals in the time domain (upper row) with (P,
FR)=(5 mW, 0.3 ml/min) and optical signals (lower row) in the
frequency domain with (P, FR)=(5 mW, 0.3 ml/min) for each rep-

Once again, consistent with what has been said so far,
the same reasoning can be made for the second investigated
response, i.e., the mean period Tph. In fact, according with
the results summarized in Table 9 and shown in Fig. 13, the
observed data for the Device I present a higher dispersion
than Device 2. Thus, Device 2 shows a greater flow stability
than Device 1. Even though the PDMS surface properties
related to the angle of contact measurements should have
allowed for a faster slug flow than the HTL resin device,
being the PDMS surface hydrophobic and the HTL resin
one hydrophilic, an opposite trend was shown by the experi-
mental results obtained for the mean period Ty, . Indeed, the

Table 8 A comparison between the Device I and the Device 2 regard-
ing the voltage difference (AV)

n=1 n=2 n=3
ID [-] Flow Rate Input AV AV AV
[ml/min] Power [V] [V] [V]
[mW]
Devicel 0.3 5 7.80 6.29 9.73
Device2 0.3 5 2.54 2.51 3.39

lication: a n=1, b n=2, and ¢ n=3. The three identified peaks are
necessary to evaluate the mean period (7),,) associated to a complete
air—water slug passage

mean period value for the Device 2 is approximately equal
to 12% the value for Device 1.

Although the results relating to this last comparison may
appear contradictory with what has been said previously
regarding the chemical nature of the identified surfaces,
since the flow is slower in the Device I than in Device 2,
a further important aspect must be considered. The design
of the macro-to-micro interface, that is the inlets connect-
ing the micro-optofluidic device to the fluid-loading tubes,
implemented in the two analyzed devices is different. In fact,
while the vertical (top-loading) inlet approach was used for
the Device 1, the parallel (in-line) ones were used for the
Device 2. According with a previous study run for similar
flow velocity range [54], the design decision for the Device
2 made it possible to obtain a maximum speed in the center
of the channel and along itself. Instead, the approach used
for the inlets in Device I was able to obtain a maximum flow
speed only in correspondence of the macro-to-micro inter-
face, which adequately justifies the obtained results.

In conclusion, a comparison between the main proper-
ties for each of the two analyzed devices is summarized in
Table 10.
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Fig. 11 Bar plot comparing the Device I (PDMS) and the Device 2 (HTL resin) with respect to the first investigated response, i.e., the Voltage
Difterence (AV), for each replication. Bar errors have not been added because they were strongly narrower than the bar height
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Input optical fiber _. Output optical fiber

|
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Fig. 12 The images of the Device 1 (PDMS) (a) and the Device 2 (HTL resin) (b) showing the area which includes the micro-channel and the
optical fibers inserted and aligned, dedicated for the monitoring of the slug flow process

Table9 A comparison between the Device 1 (PDMS) and the Device 2 (HTL resin) regarding the mean period associated to a complete air—
water slug passage (7,,)

n=1 n=2 n=3
ID [-] Flow rate [ml/min] Input power [mW] Tynls] Tynls] Tonls] Mean [s]
Device 1 0.3 5 4.95 4.29 3.03 4.09
Device 2 0.3 5 0.37 0.65 0.47 0.50
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Fig. 13 Comparison of the trend related to the mean period (7,,,) associated to a complete air—water slug passage between the Device I (PDMS)

and the Device 2 (HTL resin)

Table 10 A comparison between the Device I and the Device 2 in terms of main properties

Technologies Fabrication Steps of the Contact angle [°] Relative Young’s Elongation Transparency
process manufacturing roughness Modulus  at break [%]
process [%] [MPa] [%]
PDMS-based 3D printing Master—slave 6 111.84 0.0001 1.32 100 126
approach
HTL resin 3D printing Direct printing 2 65.36 0.0002 3.90 3 17

5 Conclusions

In this work, two micro-optofluidic flow devices were manu-
factured and fully characterized. A novel approach based on
the Projection Micro Stereolithography (PuSL) 3D printing
approach was compared to a novel master—slave 3D printing
approach developed by the authors [39]. The PuSL 3D print-
ing approach allowed to obtain in one-step the final device
skipping all in once the manual steps which are required by
the other considered procedure. In addition to that, the pos-
sibility to design and print complex geometries allowed to
fully integrate coaxial inlets and outlets thus overcoming a
design limitation of the master—slave approach.

The materials used for the two approaches differed in
terms of roughness and water contact angle. In particular,
the relative roughness for the two materials ranged between
0.0001 and 0.0002% for PDMS and HTL resin, respectively.
These values mean that no flow instability inside the micro-
channel would be associated to the solid surface making

both the materials suitable, in terms of their surface finish-
ing, for microfluidic devices.

The device obtained via PuSL was tested for the slug
flow detection using the same set up used previously for
the PDMS-based devices [39]. The operative conditions
used for the flow detection were optimized using ANOVA
to rationalize the effect of each varied parameter on the
selected responses. The input laser power and the flow rate
levels of 5 mW and 0.3 ml/min were found as the best opera-
tive conditions to improve the discrimination between both
fluids and the flow stability.

The performance of the two devices as slug flow detec-
tor was analyzed using the optimized operative conditions.
The comparison revealed that the Device 2, being fabricated
with a stiff resin embedding the coaxial inlets and outlets,
returned lower dispersed data compared to Device 1. While,
Device 1 presented higher AV values resulting in a better
discrimination of the two investigated fluids due to its higher
value for transparency. The findings of the comparative
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analysis allowed to highlight the advantages and disad-
vantages of the two approaches proposed. The advantages
of PuSL are its suitability to print with high accuracy and
in one step complex micro-optofluidic devices. However,
the use of HTL resin with lower transparency compared to
PDMS results in a lower detection performance requiring the
use of higher input laser power. Therefore, future research
activity must be driven toward the development of resin’s
grades for 3D printing showing the same optical properties
of PDMS. Moreover, further studies should take into account
the multi-material strategy, in order to create plastic optical
fibers (POFs) totally integrated into the 3D-printed micro-
optofluidic device as a possible solution to alignment prob-
lems presented in this work. Similar studies have already
been carried out by the authors [55], where a 3D-printed
sensor was obtained by exploiting the inkjet technique. In
conclusion, customized surface’s chemical functionaliza-
tion can be further developed in order to improve the slug
flow control, for example, by accelerating or slowing down
the flow by making use of suitable wall-fluid chemical
interactions.
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