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Abstract: In microfluidics, it is important to confine and transport light as close as possible to the sam-
ple by guiding it into a small volume of the microfluidic channel, acquiring the emitted /transmitted
radiation. A challenge in this context is the miniaturization of the optical components and their
integration into the microfluidic device. Among all of the optical components, a particular role
is played by the beam splitter, an important optical device capable of splitting light into several
paths. In this paper, a micro-splitter is designed and realized by exploiting low-cost technologies.
The micro-splitter consists of a micro-mirror in-between two micro-waveguides. This component
was fabricated in different materials: poly-dimethyl-siloxane (PDMS), poly(methyl methacrylate)
(PMMA), and VeroClear RGD810. A 3D printing master—slave fabrication protocol was used with
PDMS, a direct 3D printing approach with VeroClear, and a laser cutting procedure with PMMA. The
experimental results obtained show the high potential of the proposed fabrication protocols, based
on low-cost technologies, for the realization of micro-optical components, which could also be easily
integrated with microfluidics systems.

Keywords: micro-mirror; micro-waveguide; 3D printing; laser cutting

1. Introduction

In microfluidics, it is important to confine and transport the light as close as possible
to the sample by guiding it into a small volume of the microfluidic channel and acquiring
the emitted/transmitted radiation. Several optical components were realized to fulfill this
purpose. Moreover, current research is dedicated to the fabrication of micro-optical compo-
nents; researchers are investigating different manufacturing technologies and analyzing their
integration with microfluidic devices, such as micro-waveguide [1—4], micro-mirror [5], and
micro-lens [6-8]. The fabrication of optical components integrated with microfluidic channels is
not a simple process. It is mainly based on photolithography, a complex procedure dependent
on the substrate of choice, e.g., silica on silicon [9,10], ion exchange [11], or polymers [12].

Focusing on the polymer, according to the state-of-the-art and the research studies
recently performed, different materials have been identified as suitable for fabricating low-
loss optical components. Among these, the main candidates are poly(methyl methacrylate)
(PMMA), polyamides, siloxanes, and polycarbonates. Indeed, their use is widespread in
this field, since the commercial availability of plastic optical components makes it one of
the most cost-effective and consistent optical components in production today [13].

The first fabrication of a POF (plastic optical fiber), by exploiting the 3D printing
approach, dates back to 2015 [14]. Since that moment, many different materials have been
used for this purpose, such as acrylonitrile butadiene styrene (ABS) and polyethylene
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terephthalate glycol (PETG). Their uses were justified by the fact that they were commodi-
tized and easily accessible. However, as a drawback, they were characterized by poor
optical properties and very high losses. For this reason, later, their uses were replaced by
resins, classified as optical grade polymers, since they have lower optical losses. Common
resins that fall into this class of materials are cyclic olefin polymers (COP), poly(methyl
methacrylate) (PMMA), polycarbonate (PC), and poly(styrene) (PS). According to the state-
of-the-art, all of them are commonly used to 3D print polymer optical components [15].
Furthermore, the use of the aforementioned polymer materials allows one to approach the
performance of the gold standard material for optical components, i.e., glass.

Nowadays, microfabrication techniques, which are capable of easily integrating optical
waveguides into a lab-on-a-chip (LOC), are in high demand. Among these, 3D printing has been
identified as a progressive and effective manufacturing technology by offering the possibility
to rapidly and economically realize complex 3D structures with different materials [16,17].
High-quality 3D printing microfluidics devices have been realized [18-21].

Among all of the optical components, one particular role is played by the beam splitter.
It is an important optical device whose optical power splitting ratio at the respective output
ports can be dynamically manipulated. In recent decades, micro-splitters were presented
with different geometries [22-24] and costly techniques [25-27]. In this paper, a micro-
splitter was designed and realized by exploiting low-cost technologies. This component
was fabricated into different materials, i.e., poly-dimethyl-siloxane (PDMS), poly(methyl
methacrylate) (PMMA), and VeroClear RGD810. A 3D printing master—slave fabrication
protocol was used with PDMS, a direct 3D printing approach with the VeroClear, and a
laser cutting procedure with PMMA. In line with the literature, both the PDMS and the
PMMA are suitable polymers for the purpose of this paper, i.e., the fabrication of polymer
optical components. For this reason, they were selected and their uses were combined with
proper manufacturing techniques, which are the 3D print master—slave fabrication protocol
and laser cutting, respectively, to realize a low-cost micro-optical splitter. Additionally,
as the VeroClear RGD810 is a transparent PolyJet’™ photopolymer that simulates the
PMMA (according to the Stratasys technical data sheet for the material), it was selected
as a suitable material to realize micro-optical components by a direct inkjet 3D printing
fabrication. Some examples of micro-optofluidic systems based on specific realization
protocols were presented in [28,29]. This shows the potential of this technology for LOC
applications. Furthermore, another cost-effective prototyping technique is laser-based
microengineering [30-32]. It is fast and can elegantly address the need for rapid design
cycles [33].

In [34], the two low-cost technologies mentioned, i.e., 3D printing PDMS-based and
laser-cutting PMMA-based, were investigated as novel methods to realize micro-optical
waveguides. The results obtained have shown the possibility of using low-cost technologies
for the realization of micro-optical waveguides suitable for integration in micro-optofluidic
devices and the potential for creating micro-optical paths inside microsystems. In this paper,
the micro-splitter design, the ray-tracing simulations, and the three chosen manufacturing
processes are presented in Section 2. The experimental characterization of the fabricated
micro-optical components and a comparative analysis between them are discussed in
Section 3. The obtained experimental results prove the high potential of the proposed
fabrication protocols, based on low-cost technologies, for the realization of micro-optical
components, which are easily integrable with microfluidic systems [29].

2. Materials and Methods
2.1. Design and Simulations

The micro-optical component presented in this paper, i.e., the micro-splitter (uSPT),
was realized by including a micro-mirror (4 MR) in-between two micro-waveguides (4 WGs)
of length L as shown in Figure 1a. It bends the light beam from the input source; the working
principle is as follows: an input optical fiber guides the light, coming from the laser, through
the first waveguide (1WGp) toward the micro-mirror (#MR). The light, after being angled
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by the latter, is guided to the output optical fiber by the second waveguide (1WG;). The
uMR geometry consists of two angled surfaces, M1 and M2, respectively, tilted at the
angles { B, v}, with respect to the light input section, as shown in Figure 1b. The optimal
values of {B, 7} were identified by ray-tracing simulations (TracePro, Lambda Research
Corporation, Westford, MA, USA) as shown in Figure 2.
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Figure 1. Design of the micro-splitter (uSPT): (a) a micro-mirror (#MR) in-between two micro-
waveguides (#WGs) of length L. (b) For L = 0 cm, the design of the uSPT matches with that of the
#MR and consists of an input and output surface and two surfaces M1 and M2, respectively, tilted at
the angles {B, v}
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Figure 2. Optimal values of {B, v} identified by ray tracing simulations. (a) The design of PDMS-
MR with the surface M1 angled by {f = 45°}. (b) The design of PDMS-yMR including both
surfaces {M1, M2} angled by {f = 57.35°, v = 26°}. (c) Complete path of the rays inside the
PDMS-pMR.

Initially, only one surface M1 was considered with an inclination § = 45° to bend the
rays coming from the input (see Figure 2a). Due to the laser NA = 0.22, the light travels
inside the device with an initial angle of 8 = sin(NA) = 11° and it is bent at the wall.
The yMR was assumed to be surrounded by air with a refractive index ny = 1, and the
three materials selected to realize the micro-optical components have different refractive
indices: PDMS (11 = 1.34), the PMMA (17 = 1.41), and the VeroClear (13 = 1.53). For the
light transmission inside the micro-mirror, it is important to have total internal reflection.
Based on Snell’s law (i.e., to have the total internal reflection), the angle between the rays
and perpendicular to the surface M1 should have been greater than a critical value, which
depends on the material: gofr?tMs = 48°, (pZI};IMA = 45°, q)yr‘zoae‘" = 41°. Three points P;,
with i = 1,2,3 on the surface M1 were considered to trace the light path of the incident
rays using the incident (¢;), transmitting (¢;), and reflected («;) angles. In Figure 2a, for
the PDMS-uMR, the incident angles at the three points are reported: P; (91 = 34°), P»
(92 = 40°), and P3 (@3 = 60°). It is evident that only P; respected the condition for the
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total internal reflection. Then, angle B was increased and the optimal performance was
obtained with 8 = 57.35°. Additionally, to contain all of the rays inside the optical path, a
second reflection surface M2, with an inclination of ¢ = 26°, was designed (see Figure 2b).
This design led to the minimization of the ray dispersion and conveyed the beam along
the micro-optical device path toward the output light section. In Figure 2c, the complete
path of the rays inside the PDMS-u MR is shown; the laser source was assumed to have a
power of 10 mW and able to emit 100 rays. Bumping on the wall (M1) was always reflected.
The rays closer to point P; directly reached the output section; the rays closer to point P;
were bent again at points P; and Ps before reaching the output section (having the total
internal reflection in both cases). These two light paths allowed the light to be split in two
directions at the output section.

The micro-splitter (uSPT) was designed with a squared section of 1 mm side; the input
and output of the yMR were lengthened, in continuity, on both sides by a length L (see
Figure 1a). For L = 0 cm, the ySPT design match with the yMR. By setting L = 2 cm, the
total length of the uSPT was 4 cm.

The uSPT performance was studied by ray-tracing simulations, assuming a laser
source with a power of 10 mW that was able to emit 100 rays. The diameters of the input
and output optical fibers were set, respectively, to 400 pm and 1 mm, while the distance
between them and the ySPT was ideally set to zero. The results obtained by the ray-tracing
simulations are reported in the histogram of Figure 3, where the percentage of rays reaching
the output optical fiber surfaces for two different lengths L = {0; 2} cm are compared to
the PMMA-uSPT, the PDMS-uSPT, and the VeroClear-uSPT. In all of the cases, 60% of
the rays reached the output fiber surface, with an increase of 8% for L = 0 cm, and the
performances of the three materials were almost equivalent with a variation between 2%
and 8%. At the uSPT output section, the two light paths, obtained after the rays were bent
by the MR (see Figure 2c), become more evident (see Figure 4). By analyzing the principal
directions of the two light beams, an angle of about 36°, with respect to the output section
of the MR, was identified (see Figure 4). Then, this design was characterized to guide and
split the light rays in these two directions.
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Figure 3. Histogram of the percentage of rays, obtained by ray-tracing simulations, reaching the
output fiber surfaces for two different lengths L = {0;2} cm and for the PMMA-uSPT, the PDMS-
uSPT, and the VeroClear-uSPT. Bar errors have not been added because they were narrower than
the bar height.



Micro 2023, 3

342

BEAM DIRECTIONS
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Figure 4. The two paths of the light beam after being bent by the xMR. An angle of about 36° was
identified with respect to the main direction of the light.

2.2. Fabrication Processes

For the fabrication of the ySPT, based on the materials investigated, three low-cost
technologies were taken into account. The realization of the PDMS-uSPT was conducted
using a master—slave approach based on the 3D printing technique implemented by the
authors and previously presented in [28,29,34]. The PMMA-uSPT was realized using a
laser cutting fabrication technique. It was designed and laser-cut in 2 mm and 1 mm thick
sheets (Cast Clarex™ Acrylic, Easter Road Plastics, Edinburgh, UK) using a laser-cutting
instrument (Epilog Mini 18 30 W, EpilogLaser, Golden, CO, USA). The procedure adopted
for the realization is similar to the others. The top and the bottom were cut in 2 mm sheets
and the suspended PMMA-uSPT was cut in a 0.2 mm layer with a distance (d) of 240 pum.
Then, the layers were bonded using two-minute thermal and solvent-assisted bonding. The
details of the process are reported in [33,34]. VeroClear-uSPT was directly 3D printed by
using an inkjet 3D printer model (Objet260 Connex1, Stratasys, Los Angeles, CA, USA). The
latter 3D printer was also used for the manufacturing of the master—slave mold exploited
for the PDMS-uSPT fabrication. The formulations of the used commercial resins, named
VeroClear RGD810 (used for the VeroClear-uSPT) and Vero PureWhite RGD837 (used for
the master—-slave mold), were developed for the PolyJet 3D printing technique by Stratasys
and they are proprietary. However, according to the safety data sheet (SDS), they are
made of a complex mixture of photoactivation and acrylate monomers. Once the building
procedure was accomplished, the support material was removed and, in the end, the 3D
printed parts were soaked in a 1% solution of sodium hydroxide to obtain a smoother
surface, as suggested by the Stratasys post-printing process guide.

2.3. Experimental Set-Up

For the characterization of this micro-component, the PDMS-uSPT, a support structure
(as a testing platform) was realized in a way that it was surrounded by air. It was 3D printed
with 4 pegs designed to touch the PDMS-uSPT as little as possible to minimize the ray
dispersion (see Figure 5a). For the alignment of the input and output fibers with the
PDMS-uSPT, two PDMS frames were used to surround the holder with two slots for the
fibers insertions; the same approach was previously used in [34]. The center of Figure 5a
shows the mounting scheme, while a picture of the complete micro-optical characterization
system is shown on the right. The same design was considered for the realization of the
support structure used for the characterization of VeroClear-uSPT. VeroClear-uSPT and its
support system were directly 3D printed by using the inkjet 3D printer (Objet260 Connex1,
Stratasys, Los Angeles, CA, USA); the steps in the realization of the testing platform are
shown in Figure 5b. In particular, both the top and bottom cover parts designed for
the uSPT insertion together with the optical fiber supports, which ensured their aligned
insertion, are reported on the left and the complete test platform on the right.
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Figure 5. Steps in the realization of the two testing platforms used for the characterization of the
(a) PDMS-uSPT and (b) VeroClear-uSPT. In both figures, on the left, the holder is designed to
support the micro-optical component and the scheme of the holder with the top and bottom layers is
used for the fiber alignment; on the right the photo of the complete micro-optical systems.

Regarding the PMMA-uSPT, both the uSPT and its support system were realized by
using the laser cutting fabrication by combining three layers of sheets with the uSPT in the
middle, as reported in [34]. The flow chart and the picture of the experimental set-up, used
for the uSPT characterization, are shown in Figure 6a,b. The input light source was a laser
system (NovaPro 660-125, RGB Lasersystems, Kelheim, Germany); this generated a light
beam with a wavelength of 660 nm and a maximum output power of 125 mW. The output
acquisition system consisted of a photo-diode (PDA100A, Thorlabs, Newton, NJ, USA)
connected with a digital oscilloscope (SDS1102X, Siglent, Augsburg, Germany). The input
and output of the uSPTs were coupled with multi-mode optical fibers with core diameters,
respectively, of {365 & 14,910 £ 30} um and NA = 0.22.

- ;
o~ ¥ 55
. OPTICAL FIBER i - )
OPTICAL FIBER " BNC CABLE ] B i3
400 pm mm |t 2
MICRO-OPTICAL PHOTODIODE
SPLITTER ACQUISITION OSCILLOSCOPE

Photgdiode

.'" /\ ;
&7,

Beam r
Splittér !
|
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Figure 6. (a) The flow chart and (b) the picture of the experimental set-up used for the micro-optical
characterization of the PDMS-uSPT. At the input, the laser source is connected to a multi-mode
optical fiber. At the output, a fiber is coupled with a photo-diode and a digital oscilloscope is used
for the reading. Both fibers are aligned with the ySPT.
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3. Results and Discussion
3.1. uSPTs Optical Characterization in Comparison

The designed uSPT was used to guide and split the light rays, considering the experi-
mental set-up of two different configurations of the output fiber alignment, as shown in
Figure 7 and described below.

* (C1: one fiber insertion for an optical fiber was lined up with the output micro-
waveguide, as in a standard configuration with d = 0.1 mm (see Figure 7a).

. C2: two fiber insertions for the optical fibers were tilted at 36°, on the opposite side,
with respect to the main horizontal line of the output with d = 0.5 mm (see Figure 7b).

In Figure 8, the pictures of the PDMS-uSPT (on the top), the PMMA-uSPT (on the
center), and the VeroClear-uSPT (on the bottom) in the conditions of no-light passage and
during the light-passage are shown.

Before proceeding with uSPT characterization, a calibration of the laser-photodiode
system was performed. After obtaining the input power-voltage calibration curve, the
characterization of the system was carried out. The laser coupled with a 400 pm optical
fiber was placed at the input to the uSPT, varying its input power in the set {5,10,15} mW.
At the output, the voltage values were acquired by means of the 1 mm optical fiber coupled
with a photodiode. For testing the PDMS-uSPT and the VeroClear-uSPT, the distances d
between the input-output fibers and the uSPT were set to 100 pm and 500 pum for the first
and second configurations (C1; C2), respectively. It was set to 240 um for the PMMA-uSPT
due to the limit of fabrication in the first configuration (C1). In order to understand the
capability of the uSPTs to transmit light, the values of transmission were evaluated as the
ratio between the output voltage readings and the input voltage readings obtained during
the calibration phase. Taking into account the losses due to the coupled fibers uSPT in the
input and output of about 77%, obtained in [34], it was possible to calculate the losses in
the uSPTs. The histograms in Figure 9a,b report the values of transmission and losses in
percentages for the experimental conditions C1 varying the laser power in the set {5, 10, 15}
mW for the three considered materials. The PDMS-uSPT and the VeroClear-uSPT have
the same value of transmission of about 1% and a loss percentage of 21.8% with respect
to the PMMA-uSPT, which has a value of 0.4% of the transmission and a loss of about
22.5%. This difference is due to the set distance d between the input—-output fibers and the
uSPT, which are lower for PDMS-uSPT and VeroClear-uSPT rather than PMMA-uSPT.
Furthermore, another possible limitation related to the latter is its edge roughness, which
can be improved by using some specific strategies, such as surface-polishing techniques.

i A
1 mm 1mm fibers
MSPT 1
uSPT fiber
(a) (b)

Figure 7. Two different configurations of light acquisition between the output fibers and the ySPT.
(a) Configuration 1 (C1) shows one optical fiber placed horizontally with respect to the uSPT.
(b) Configuration 2 (C2) shows two optical fibers tilted, in opposite directions, at 36°, with respect to
the uSPT.
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Figure 8. The pictures of the uSPT in the no-light passage and during light-passage conditions. The
top shows (a) the PDMS-uSPT, the center shows (b) the PMMA-uSPT, and the bottom shows (c) the
VeroClear-uSPT.

The histograms in Figure 9¢,d report the values of the transmissions and losses (in
percentages) for the experimental conditions {C1,C2} by varying the laser power in the set
{5, 10, 15} mW for the PDMS-uSPT. Figure 9e,f presents the ones related to VeroClear-
uSPT. Despite the increase in the gap d, the transmission globally detected is greater in
correspondence with the configuration C2, with losses of about 21.4% for both uSPTs.
Regarding the PDMS-uSPT, looking at Figure 8a, it is possible to localize the loss areas,
the brighter spots of the picture, where the holder is in contact with the PDMS-uSPT. This
confirms the possibility of splitting the information in two directions and minimizing the
losses, avoiding the testing platform with direct integration of the #SPT in a microsystem.
Despite both the PMMA-uSPT and VeroClear-uSPT being completely surrounded by air,
with the only exception for the input and output sections, with an air gap of d = 240-100 um
in the experimental configuration C1, greater losses are in the input section. However, from
the results obtained, VeroClear-uSPT appears to transmit more light than the PDMS-uSPT
and the PMMA-uSPT. Based on that results, it is possible to confirm the potential of the
uSPT; the losses are not due to its design, but to the gaps at the insertions (d) and the
surrounding material. It is possible to overcome the latter limitation, which is especially
evident in the PDMS-uSPT, by properly shielding the micro-optical components with other
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materials characterized by different refraction index values, thus ensuring uniformity in
the light path.
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Figure 9. Histograms of (a) transmission and (b) losses for the the PMMA-uSPT, the PDMS-uSPT
and the VeroClear-uSPT in the configuration C1. Comparison of the (c) transmission and (d) losses
with the PDMS-uSPT in the configurations {C1,C2}. Comparison of the (e) transmission and
(f) losses with the VeroClear-uSPT in the configurations {C1, C2}. The laser power at the input was

varied at {5; 10; 15} mW. Bar errors were not added because they were strongly narrower than the
bar height.

3.2. uSPTs Technologies Comparative Analysis

Once the micro-optical components were designed, manufactured, and optically
characterized, a comparison analysis was carried out between the three of them. The aim
was to highlight the main advantages and drawbacks related to each selected material and
related manufacturing processes.

Thus, the main optical and mechanical properties, together with the key features of
exploited manufacturing processes, are reported in Table 1.
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Table 1. Comparative analysis between the PDMS-uSPT, the PMMA-uSPT, and the VeroClear-ySPT
in terms of optical properties, mechanical properties, and manufacturing process.

Average Average , . . Steps of
Material Measured Measured Young's Elongationat  Manufacturing Manufacturing
. . Modulus Break Process
Transmission Losses Process
PDMS 1.09 + 0.03 21.91 + 0.03 1.32 MPa 100% Master—slave 5
approach
PMMA 0.47 £ 0.03 22.53 +0.03 2.9 GPa 5% Laser cutting 2
VeroClear o .
RGD810 1.56 +£0.17 21.44 +0.17 2-3 GPa 10-25% 3D printing 2

By comparing the mechanical properties of the three used materials, i.e., Young’s
modulus and elongation at break, it is clear that since both PMMA and VeroClear RGD810
are more rigid (Young’s modulus values ranging between 2 and 3 GPa) and less subject to
deformation when compared to PDMS (5-25% elongation at the break versus 100%), the
use of the former material permits realizing optical components that are capable of being
handled. This feature is crucial for further integration procedures within, for example,
microfluidic systems. Conversely, since PDMS is a soft material (with a Young’s modulus
equal to 1.32 MPa), it can be tricky to handle during successive assembly procedures.
Moving on, another advantage related to the use of the VeroClear RGD810 and PMMA
is the lower number of steps for the manufacturing processes when used in combination
with each other. Indeed, on the one hand, the manufacturing process for PDMS-uSPT
requires five different manufacturing steps: (i) design of the master; (ii) fabrication via 3D
printing (inkjet technique) of the master; (iii) UV treatment of the master surface; (iv) PDMS
casting into the master; (v) PDMS-uSPT removing from the master. On the other hand,
both the VeroClear-uSPT and PMMA-uSPT required two-step manufacturing processes.
The manufacturing process for the VeroClear-uSPT includes the two steps listed below:
(i) design of the uSPT; (ii) fabrication via 3D printing (inkjet). The manufacturing process
for the PMMA-uSPT includes the following steps: (i) design of the uSPT; (ii) fabrication
via laser cutting. Thus, both VeroClear-uSPT and the PMMA-uSPT can be manufactured
through a faster manufacturing approach.

Moving on, focusing on PMMA microfluidic channels, their fabrication is usually
realized by using a standard lithography process, a hot-embossing process, femtosecond
laser processing, and the excimer laser [35-38]. Among these mentioned techniques, the
one that relies on laser use is less common in modern industries because of its high costs
and the difficulty in maintaining them for large-scale production. These constraints are
primarily related to the use of femtosecond and excimer lasers. To overcome these is-
sues, micro-channeling using CO; laser processing is a one-step process that minimizes
time consumption. Moreover, laser micro-processing has enabled the production of mi-
crofluidic systems with the lowest cost per unit when compared to other contemporary
methods [39]. These aspects justify the decision to use the proposed manufacturing ap-
proach for the PMMA-uSPT.

Another important aspect to take into account is that since laser cutting is a subtractive
manufacturing technique, it allows working on a flat surface. However, as soon as it is
necessary to design three-dimensional parts, multiple parts must be cut out and, next,
molded together. Conversely, a 3D printing approach, being an additive manufacturing
process, by exploiting a layer-by-layer manufacturing approach, allows for directly realizing
3D objects. Moreover, using a 3D printing process based on additive manufacturing allows
for the building of objects with little or no waste. In contrast, laser cutting is a subtractive
manufacturing process that generates more waste as it removes material from workpieces.
The ability to fabricate a complex 3D optical component in a single 3D print run is crucial,
as it eliminates post-assembly issues caused by inaccurate positioning between parts. Thus,
together with the design freedom, 3D printing opens up the potential to directly fabricate
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complex micro-optical systems. In this sense, the 3D printing proposed manufacturing
approach ensures a degree of freedom in waveguide landscapes, boosting the device’s
performance. Furthermore, among other fiber fabrication techniques (such as fib milling,
facet EBL, photolithography, femtosecond laser writing, and so on) proposed in the state-
of-the-art, and allowing for an optical component free-design, the 3D printing approach
is suitable for developing potential market products [40]. Thus, in conclusion, as the
VeroClear RGD810 is a transparent PolyJet’™ photopolymer, which is used in the inkjet
3D printing technique and simulates PMMA, it is the most advantageous one. Indeed,
the micro-splitter characterization results showed that the VeroClear-uSPT had the best
optical performance at both C1 and C2. By considering the average values collected for
the transmission parameter in correspondence of C1, evaluated by considering the whole
range of power, the VeroClear-uSPT presented an increase of about 70% when compared
to the PMMA one (by about 30% compared to the PDMS one). This involved a reduction in
the evaluated losses (average value) for the VeroClear-uSPT of about 5% and 2% rather
than the PMMA and PDMS ones, respectively. A similar trend was found in configuration
C2. Indeed, even in this case, the average transmission value for VeroClear-uSPT was 16%
higher than that of PDMS. So, this caused an increase in the average loss of about 1.7% for
the PDMS-uSPT when compared to the VeroClear one.

Since the PDMS-uSPT and VeroClear-uSPT exhibited the best performance with the
lowest loss values and were able to be tested in both configurations (C1; C2), no manufacturing
constraints affected the related manufacturing processes, validating what has been said so
far, i.e., a cost model was implemented. The latter allowed for the evaluation of the final cost
of the PDMS-uSPT, PMMA-uSPT, and VeroClear-uSPT by varying the used material and
the exploited manufacturing process. In line with the model already proposed and explained
in detail elsewhere [41,42], the cost parameters were categorized as material costs, machine
costs, and process costs. To evaluate the final cost of the three developed yuSPTs, the input
parameters that are reported in Tables 24, respectively, were taken into account. In detail, at
first, the used raw material costs and the related quantity consumed for manufacturing the
uSPTs were considered. Since the purchase, installation, and maintenance costs of the used
machines (i.e., 3D printer and laser cutter) were known, the depreciation costs were evaluated
for them. Next, the power costs were estimated since the building time for each manufactured
uSPT was well-defined by varying the manufacturing approach selected. Conversely, the
labor cost parameter was neglected for the direct 3D printing approach and the master-slave
mold realization because the operator took only a few minutes to start the printing process and
remove the parts from the building platform as soon as the 3D printing process was completed.
A similar decision was made even for the laser-cutting technique since the required processing
time was very low. The final evaluated costs are reported in Figure 10.

Table 2. Cost model input parameters considered for the PDMS-uSPT.

Unit Value

Vero PureWhite RGD837 EUR (€)/kg 225.50

Material FullCure705 EUR (€)/kg 126.74

SYLGARDTM 184 Silicone Elastomer Kit EUR (€)/kg 236.97

Model kg 0.012

Part Support kg 0.007
Printing Time h 0.40

Machine Depreciation Cost EUR (€)/h 10.00
Power Cost EUR (€)/kWh 0.10

Process Labor EUR (€)/h 30.00
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Table 3. Cost model input parameters considered for the PMMA-uSPT.
Unit Value
Material PMMA sheet 2 mm thick EUR (€)/mm?  0.000063
PMMA sheet 0.2 mm thick EUR (€)/mm?  0.00015
PMMA sheet (55 x 77 x 2) mm?> EUR (€) 0.135
Part PMMA sheet (55 x 77 x 0.2) mm3 EUR (€) 0.65
Processing Time h 0.03
Machine Depreciation Cost EUR (€)/h 2.00
Process Power Cost EUR (€)/kWh 0.10
Labor EUR (€)/h 16.00
Table 4. Cost model input parameters considered for the VeroClear-uSPT.
Unit Value
Material VeroClear RGD810 EUR (€)/kg  393.11
FullCure705 EUR (€)/kg 126.74
Model kg 0.003
Part Support kg 0.002
Printing Time h 0.37
Machine Depreciation Cost EUR (€)/h 10.00
Process Power Cost EUR (€)/kWh  0.10
Labor EUR (€)/h 30.00
10
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Figure 10. Evaluated final cost per unit for the PMMA-uSPT, the VeroClear-uSPT and the PDMS-uSPT.

In agreement with the obtained results, the PMMA-uSPT has a final cost of EUR 1.02,
the VeroClear-uSPT of about EUR 5.50, while it was equal to EUR 8.70 for the PDMS one.
Thus, by exploiting a direct 3D printing approach it was possible to reduce the optical
component cost (by about 38%). This result is due to the impact of the master—slave mold
fabrication, which represented an additional cost to the PDMS-uSPT itself. The PMMA
optical component presented the lowest cost, which was related to the low impact of
the raw material cost, to a lower cost of the laser cutting when compared to the used
3D printer, in addition to the very short processing time required for optical component
manufacturing. Hence, all three of the developed #SPTs can be considered low-cost optical
components. However, even though PMMA-uSPT represented the cheapest solution, the
laser-cutting manufacturing approach presented some fabrication limitations. Conversely,
the higher final costs evaluated for both the PDMS and VeroClear uSPTs have interesting
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optical properties and good repeatability. Based on the discussed results, the proposed
manufacturing approach and the selected materials are suitable for mass production of the
developed micro-optical components.

4. Conclusions

In this paper, the design and realization of a uSPT, an optical component capable of
splitting light into two paths, was presented. In microfluidics, it is important to confine
and transport the light as close as possible to the sample, by guiding it into a small vol-
ume of the microfluidic channel and acquiring the emitted /transmitted radiation. The
presented uSPT is able to fulfill this purpose and it was realized by exploiting three dif-
ferent low-cost technologies. Three materials were used for its fabrication: poly-dimethyl-
siloxane (PDMS), poly(methyl methacrylate) (PMMA), and VeroClear RGD810. A 3D
printing master—slave fabrication protocol was used with PDMS, a direct 3D printing ap-
proach was used with VeroClear, and a laser cutting procedure was used with PMMA.
The three technologies investigated were compared; they presented very good results
in terms of cost quality. In particular, the results obtained proved the high potential of
the proposed fabrication protocols, based on low-cost technologies, for the realization of
micro-optical components, which could also be easily integrated with microfluidics sys-
tems for Lab-on-a-Chip applications. The results presented show the potential of creating
micro-optical paths inside microsystems; an example can be found in a micro-optofluidics
application discussed in [29], where a micro-optical component (a micro-waveguide) was
integrated into a micro-optofluidic device to detect chemical fluids and for cell detec-
tion. Furthermore, in [43], a simple micro-optofluidic device with no micro-waveguide
integrated was realized in 3D printing, exploiting new low-cost technologies, such as
projection micro-stereolithography. The device was designed for slug flow detection
in micro-channels. Indeed, by functionalizing the uSPTs with a noble metal nanofilm
through proper deposition processes, and integrating them into micro-optofluidic de-
vices with a tailored refractive index value, it would be possible to develop devices suit-
able for molecular diagnostics [44], clinical diagnostics [45,46], toxins, small molecule
sensing [47-49], and mechano-optical applications[49].
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