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ARTICLE INFO ABSTRACT

Keywords: In order to facilitate the implementation of microfluidic technology for rapid point-of-care analysis, there is a
Self-powered microfluidics demand for self-powered microfluidics. The modular architecture of degas driven plug-and-play polymeric
Micropumps

micropumps and microfluidic cartridges arose during last decade as a powerful strategy for autonomous flow
control. So far, reported polymeric micropumps were made of poly-dimethyl siloxane and were fabricated by
casting. In this work, we showed that the advantages of three-dimensional printing can greatly benefit the
development of modular micropumps. In addition, micropumps were created with a geometry that cannot be
manufactured with conventional techniques, making it easily assemblable to microfluidic devices. Four types of
polymeric resins and three printing methods were used to create a set of functional micropumps. It was shown
that the material and the design of the printed micropumps were related to their power, making them tuneable
and programmable. Finally, as proof of concept, a self-powered colorimetric test for the detection of starch was
demonstrated. Three-dimensional printed micropumps emerge as an innovative element in the field of self-
powered microfluidics, which may be the key to develop integrated microsystems for several applications
such as in rapid point-of-care analysis.

Degas driven flow
3D printing
Stereolithography
Starch-lugol reaction

1. Introduction

Most miniaturised analytical devices need rigorous fluidic control,
which require external power sources connected to the microfluidic
cartridge. In contrast, self-powered microfluidic devices provide new
ways of fluidic control without the need of external electronic compo-
nents or moving parts. Methods like finger actuated pumps [1], effer-
vescent pumps [2], capillary driven flows [3], paper driven flows [4]
(including paper lateral flows and paper microfluidics components),
threat-based devices [5,6] and, in particular, stimuli responsive mate-
rials [7-9] are being integrated within microfluidic devices for fluid
manipulation and flow control at the microscale. Additionally, many
publications are demonstrating the effectiveness of the “degas driven

flow” technique using polydimethylsiloxane (PDMS). PDMS is a highly
porous and air permeable material composed of flexible silicon-oxygen
chains that provide free volumes within its structure, allowing gas
diffusion [10]. Therefore, it is commonly used in the fabrication of
microfluidic systems. To trigger the “degas driven flow” process, the
PDMS is activated by extracting the air contained within its structure.
Then, once the degassed material is subjected to atmospheric pressure, it
absorbs air from the microfluidic channel (and from its surroundings as
well) to balance its internal pressure. Consequently, a negative pressure
is generated inside the microfluidic channel, which leads to suction
forces capable of generating fluidic motion. The dynamics of the PDMS
degas driven flow depend on the channel and device geometries and are
sensitive to several parameters as described by Zhao et al. [11] and
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Liang et al. [12]. Several applications, such as Point-of-Care (POC) di-
agnostics [13,14]; digital PCR [15]; or DNA analysis [16,17], have been
demonstrated based on this mechanism for flow control. With the idea of
having modular universal architectures for self-powered microfluidics,
several reports demonstrated the possibility of manufacturing modular
polymeric plug-and-play micropumps based on the concept of degas
driven flow [11,18]. These PDMS micropumps were fabricated to drive
flows inside microchannels of polymer microfluidic devices (e.g cyclo
olefin polymer, poly(methyl methacrylate), pressure sensitive adhesive,
etc). The flow generated by these PDMS micropumps could be tuned by
just changing the effective surface area to volume ratio of the micro-
pump or the permeability degree of the PDMS, allowing the control of
the flow inside the microchannels [18]. However, those modular
micropumps are manufactured by casting methods using moulds, a slow
and low throughput technique. The idea of a universal modular system
holds great promise for the improvement of generic architectures for
POC analysis devices, but, in order to get to that point, it is necessary to
have a versatile manufacturing technique that would enable the easy
fabrication of customised micropumps and cartridge designs.
Three-dimensional (3D) printing technology constitutes a
manufacturing revolution, which is being incorporated in industrial
processes, research activities and education. It provides the means for
rapid fabrication of prototypes and end-use products, enabling mass
customisation and manufacturing of pieces with complex geometric
shapes [19]. It is well accepted that additive approaches will allow the
creation of hybrid multifunctional pieces by non-assembly processes
[20]. As expected, this technology is impacting the microfluidics com-
munity, as reviewed by Au [21], Gross [22], Arivarasi [23] and Mi [24],
where numerous examples are reported on the 3D printing fabrication of
microfluidic devices [25-28] and components [29,30] by different
methodologies, such as additive printing and stereolithography (SLA),
with the number of publications exponentially increasing in the last few
years. Recent advances (e.g., increased accuracy and reduced printing
times) are allowing to print microfluidic devices and components with
geometries that could not be fabricated by traditional machinery or
moulding methods [31]. Other actuators, like valves or
multi-component pumps that were previously manufactured by casting
and moulding of PDMS, are nowadays manufactured using techniques,
such as SLA; fused deposition modelling (FDM); multijet modelling
fabrication (MJM); digital light processing (DLP), etc. [32], in order to
obtain more cost-effective devices. Recently, significant progresses have
been made in the development of 3D printed devices thanks to the use of
novel flexible and easily printable materials, enabling the replacement
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of PDMS [33], the manufacture of external peristaltic pumps [34,35] or
tesla pumps [36] and the fabrication, fully or partially, of integrated
micropumps, which are non-degas-actuated but based on moving parts,
into microfluidic devices [37-42].

Inspired by our previous work on PDMS micropumps and the prog-
ress on 3D printing technologies, we have evaluated how 3D printing
would enable fast prototyping and fabrication of modular plug-and-play
polymeric micropumps using different materials, fabrication techniques
and geometries (Fig. 1). Herein we present the fabrication of self-
powered modular micropumps by three different 3D-printing tech-
niques (SLA, DLP and FDM) and the characterisation of their perfor-
mance when integrated into portable and low cost microfluidic
cartridges fabricated in diverse polymeric materials (PMMA, PDMS,
polymeric resin, ...). As a proof of concept, we used a 3D printed
micropump assembled to a polymeric microfluidic cartridge as a self-
powered microfluidic device for the colorimetric starch detection.

2. Materials and methods
2.1. 3Dp-puPumps fabrication

3Dp-pPumps were fabricated by different 3D printing techniques: (1)
stereolithography of two flexible resins; (2) digital light processing of a
blue resin; and (3) fused deposition modelling of a thermoplastic
filament.

2.1.1. By stereolithography

The SLA 3Dp-pPumps were fabricated as a single piece unit, by
means of a stereolithography 3D printer (Form 1 + SLA 3D Printer,
Formlabs) with two flexible photopolymer resins, FLFLGRO2 (black) and
FLFLGRO1 (clear) (Formlabs, U.S.A.) using 100 pm and 50 pm printing
resolution, respectively. Creo Parametrics 2.0 CAD software was used to
design the 3D models and PreForm software was employed to build the
supports and the foundation for the parts, in order to obtain a good
printing. All support configurations were designed to produce a flat
surface in the sealing zone of the 3Dp-pPump and thus, assure satisfac-
tory bonding between the different pump units. After printing, the
pumps were rinsed in an ultrasonic assisted isopropanol (Scharlab,
Spain) bath for 15 min and post-cured under UV at 365 nm for 30 min
(light source: LED lamp, MKM012405WH1, 25 W, ADEO). The supports
were removed using a snip.

To fabricate multiple-unit pumps, two different 3Dp-pPump units
were fabricated and assembled. On one hand, the top/individual

Fig. 1. Scheme of the 3Dp-pPumps actuation principle. (A) The 3D printed 3Dp-pPumps were vacuum pressurised and placed on the outlet of a microfluidic device.
(B) The 3Dp-pPumps absorb the air inside the microchannels, creating a negative pressure and producing a suction force.
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micropump unit has an upper resin cover that seals the internal cavities
from the exterior and, on the other hand, an intermediate unit whose
cylindrical cavities perforate the entire structure, Fig. SI-1. The di-
mensions of the two structures were: (1) top/individual unit:
23 x 23 x 8 mm3; (2) intermediate unit: 23 x 23 x 7 mm°. These two
configurations were stacked to each other through a transparent, double
side pressure sensitive adhesive (PSA) layer (Adhesive Research,
Ireland), sealing the different micropump units to each other. All
intermediary units were internally connected through cylindrical cav-
ities (800 pm diameter) to enable the air connection between the
chambers of the different units. The pumps were connected to the
microfluidic device using a PSA piece as well.

2.1.2. By digital light processing

The DLP 3Dp-pPumps were fabricated as a single piece, using the
same design as for the SLA individual unit, by means of a digital light
processing 3D printer (Kelant S400, Shenzhen Kelant Technology Co.
Ltd, China) using 100 pm printing resolution and a blue photopolymer
resin (3D RAPID Blue, Monocure 3D, Australia). After printing, the 3Dp-
pPumps were cleaned and the supports were removed using a snip. The
flexibility of the resulting pieces was found to be lower than the SLA
3Dp-pPumps because of the composition of the resin. The pumps were
connected to the microfluidic device using a PSA piece.

2.1.3. By fused deposition modelling

The FDM 3Dp-pPump was designed and fabricated at Optimus 3D S.
L., Vitoria-Gasteiz, Spain. The pumps were printed as a single piece
using a fused deposition 3D printer (Dynamical Tools DT600, Dynamical
3D, Spain) and a flexible thermoplastic filament (Thermoplastic Poly-
urethane, Blue TPU, Dynamical 3D, Spain). The final 3Dp-pPump has a
cylindrical body (30 mm diameter x 17 mm height) and a conical bottom
(5 mm height x 30 mm upper diameter x 16 mm lower diameter) with a
circular perforation (12 mm diameter) for direct connection to the chip
without the use of a PSA piece. In order to increase the total surface area
exposed to the microchannel, the internal structure of the pump was
emptied with the exception of the cylindrical area, in which a mesh-like
(90 % of infill) interlacing of filaments was made, a type of structure
impossible to reproduce using any moulding technique, see Fig. SI-2.

2.2. 3Dp-pPumps degassing

3Dp-pPumps were degassed under vacuum (RVRO03H-01 Vacuum
Chamber, Dekker Vacuum Technologies, USA), for 2 h at 0.7 mbar, and
vacuum-packed (SV-204 Vacuum Sealer, Sammic, Spain) in order to
store them in airless environment, ready for use (Fig. SI-3).

2.3. Microfluidic chip fabrication

Microfluidics devices were fabricated by different methods: (1)
multilayer lamination of PMMA, COP and PSA sheets; (2) 3D printing of
open channels and subsequent assembly to a PSA layer; and (3) soft
lithography by PDMS replication of SU8 moulds.

2.3.1. Multilayer laminated PMMA devices

PMMA sheets of different thicknesses (175 pm or 380 pm) layers
were cut by a COy Laser System (VLS2.30 Desktop Universal Laser
System) equipped with a 10.6 pm CO; laser source ranging in power
from 10 to 30 W. The layers of 380 pm (ME303001, clear, Goodfellow)
thickness were used to generate the microfluidic channel and the layers
of 175 pm (ME303016, clear, Goodfellow) thickness for the bottom and
cover layers. The PMMA layers were assembled together and sealed by
thermocompression bonding in a roller laminator (Vivid Matrix Duo
Laminator MD-460/MD-650, Matrix) at 105 °C to build the microfluidic
chip. The microchannel dimensions were 1 mm wide, 55 mm long and
380 pm height.

For the fabrication of the starch detection device a 1.1 mm thick
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PMMA substrate (ME303010, clear, Goodfellow), grafted by the CO,
Laser System was used as the bottom of the device. This PMMA layer
included a trench to deposit the sample, containing the gelled starch
inside the channel. Microfluidic channels were cut by Graphtec Cutting
Plotter CE6000—40 (CPS Cutter Printer Systems, Spain) on substrates of
white PSA layers (127 pm thick ARcare® 8939). The top layer used to
close the device was also cut by the same Graphtec Cutting Plotter on a
substrate of COP (188 pm mcs—COP-02, Microfluidic ChipShop). After
the lamination, a transparent PSA (50 pm thick ARcare® 92712) layer
was used to seal the bottom of the device and 10 pL of the starch gel was
placed in the trench from a starch solution (Starch, extra pure, Fisher
Scientific, Spain) in water, 300 mM, boiled at 100 °C to promote gela-
tion. Finally, the same transparent PSA layer was used to seal the trench
after the sample addition and to connect a PMMA reservoir to the inlet of
the device. To test the colorimetric reaction, a solution of potassium
iodide with iodide in water (Lugols Iodine, Fisher Scientific, Spain) was
pipetted in the inlet of the microfluidic device after the 3Dp-pPump
assembly.

2.3.2. 3D printed devices

The 3D printed devices were designed and fabricated at Optimus 3D
S.L., using Polyjet technology (Objet30 Pro, Stratasys Ltd., U.S.A.), a
28 yum Z-axis printing resolution and an optically clear acrylic material
(VeroClear, Stratasys Ltd., U.S.A.). The parts were designed using Objet
Studio software. The final device was composed of a circular inlet (5 mm
diameter); a channel of 100 pm height, 1 mm width and 50 mm length;
and a circular outlet (10 mm diameter) with walls in order to connect the
FDM pump without any adhesive material. A pressure sensitive adhesive
substrate (white PSA layers 127 pm thick ARcare® 8939) was used as a
bottom layer of the device. With the use of this design, another PSA layer
to connect the micropump is not needed, therefore, this configuration
allows an easier and faster connection method between the micropump
and the microfluidic devices.

2.3.3. PDMS device

PDMS microfluidic devices were fabricated by soft lithography using
a SU8 mould, as described in previous works in our group [43]. Briefly, a
Mylar® photomask was designed and produced for the manufacture of
the SU-8 master on silicon wafers. After the fabrication of the PDMS
devices at a 10:1 ratio, they were cut and perforated with a 2 mm
diameter puncher to create the inlet and outlet. Finally, the PDMS de-
vices and a glass microscope slide were treated under air plasma for
5 min and assembled together to form the microfluidic chip. The specific
dimensions of the channel were 30 pm high, 100 pm wide and 50 cm
long.

2.4. 3Dp-pPumps — microchip assembly

In order to test the performance of the pumps, degassed SLA
(FLFLGLO1 and FLFLGL02) and DLP 3Dp-pPumps were assembled to the
different devices using a PSA piece (50 or 147 pm thick ARcare® 92712
or 90880, depending on availability). The FDM 3Dp-pPumps were
directly connected to the 3D printed chip without the use of any PSA
layer.

2.5. Characterisation of 3Dp-uPumps flow rates

In general, the movement of the liquid inside the microchannels was
recorded using a photographic camera (SONY Cyber-Shot DSC-RX100).
From this data, the generated average flow rate values were estimated
considering the microchannel cross section.

For the characterisation of the flow rate changes over time and the
evaluation of the multiple-units of SLA-black 3Dp-yPumps (FLFLGR02),
the micropumps were assembled on PMMA microfluidic chips (380 pm
height, 1 mm width and 50 mm length). A reservoir (Female Luer Lok
compatible connector with wide base, PMMA, ChipShop, Germany) for
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sample loading was adhered to the inlet of the microfluidic chip. The
3Dp-pPumps and the reservoir were sealed using PSA piece (50 pm thick
ARcare® 92712). The set-up used for the characterisation consisted of a
digital microscope (Mighty Scope 1.3 M Digital Microscope, Aven) to
monitor the liquid front motion inside the microchannel by means of a
gauge ruler placed on top of the microchannel, Fig. SI-4.

3. Results and discussion
3.1. Modular 3Dp-uPumps, fabrication and performance

The mayor advantages of producing customable modular micro-
pumps by 3D printing technologies are: (1) the high amount of materials
and printing technologies available, generating a large variety of
micropumps compositions with different suction properties; and (2) it
enables the direct fabrication of micropumps with optimal shapes and
structures, which are not possible to manufacture with classical fabri-
cation techniques such as milling, moulding or embossing. In order to
demonstrate this versatility, micropumps were fabricated using diverse
materials and techniques. Four polymeric resins were used, two flexible
photopolymer resins (FLFLGRO1 and FLFLGRO2), a rigid photo-
polymeric resin (3D Rapid Blue) and a thermoplastic filament (blue
TPU). And three 3D printing techniques were applied: two light directed
fabrication techniques, SLA and DLP, and an additive printing tech-
nique, FDM.

Among this 3D printing methods, additive techniques (such as FDM)
are faster than light directed printing, less expensive and highly
extended nowadays. FDM consists on the heating and striding of a
thermoplastic filament to be deposited on a surface layer by layer,
creating a 3D model.

The fabrication of four micropumps with different designs was
evaluated. The design of the pumps manufactured by SLA and DLP
contained cylindrical cavities of 800 pm in diameter and 4 mm in depth.
The function of these cavities was to increase the air suction surface of
the micropump, and, therefore, its power to move liquids through the
microchannels. On the other hand, the FDM printed pump had a fila-
ment filling density of 90 %, to facilitate the suction of air by the ma-
terial. The four micropumps were successfully printed. Pictures of each
of them can be seen in Fig. 2.

In order to demonstrate that these modular 3Dp-pPumps could be
used with a variety of microfluidic devices, microfluidic cartridges of
different materials and dimensions were fabricated. In particular, three
cartridges were fabricated: (1) a multilayer thermolaminated PMMA

A. . |
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device with a microchannel of 380 pm height, 1 mm width and 50 mm
length dimensions; (2) a 3D printed device with a 100 pm height, 1 mm
width and 40 mm length microchannel; and (3) a PDMS device con-
taining a 30 pm height, 10 pm width and 50 cm length serpentine, a
much smaller microchannel than the previous ones, Fig. 3. Then, a SLA-
clear 3Dp-pPump was attached to the PMMA device, a FDM 3Dp-pPump
was connected to the 3D printed device and a SLA-black 3Dp-pPump was
connected to the PDMS serpentine device. For their evaluation, these
degassed 3Dp-pPumps were mounted at the outlet of the device. To
create an air leak-free closure of the system the SLA micropumps were
bonded with a double side adhesive layer (see methods section), while
the FDM micropump could be assembled directly with the chip, thanks
to its unique design (Fig. 3D). Then, 90 uL of red dyed water were added
to the inlet of the microchannels and the movement of the liquid inside
the channel was observed. In all the cases the negative pressure per-
formed by the micropumps was enough to trigger the flow of liquid
inside the microchannels, even in the smaller ones made of PDMS, which
was the device with the greatest fluidic resistance (see Fig. 3 and Videos
1, 2 and 3). These results demonstrated the ability of the 3Dp-pPumps to
generate continuous flows inside a variety of microfluidic cartridges.
Even though the FDM printing technique has a lower precision than the
light directed printing techniques, the use of additive printing provided
with a highly extended and low-cost fabrication technique that allowed,
as well, the generation of controllable degas-driven flows.

A key parameter that determines the pressure generated by the
micropumps in the microchannels and, therefore, the flow rate of the
fluids, is the permeability of the material of the micropump to air [18].
Hence, it was expected that different materials with different properties
gave rise to micropumps that can move liquids at different speeds within
the same fluidic structure. We evaluated the performance of the
SLA-black, SLA-clear and DLP micropumps, which had the same design
but were composed of different materials. SLA-black, SLA-clear and DLP
micropumps were attached to a multilayer PMMA thermolaminated
device (380 pm height, 1 mm width and 50 mm length). Then, 90 pL of
red dyed water were added to the inlet of the microchannels and the
movement of the liquid inside the channel was monitored. It was
observed that the flow rates obtained using SLA-black, SLA-clear or DLP
micropumps were 0.30 + 5 %, 0.50 + 8 % and 4.10 + 15 % pL min~?,
respectively (see Fig. 4 and Videos 4, 1 and 5). These diverse flow rates
were expected since the chemical composition of each resin was
different and their air solubility and air absorption properties were ex-
pected to differ from each other.

Fig. 2. Bottom and side view pictures of the 3Dp-pPumps manufactured by different technologies and materials: A) SLA-FLFLGR0O2 (SLA-black); B) SLA-FLFLGRO1

(SLA-clear); C) DLP and (D) FDM.
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Fig. 3. A) Pictures of a PMMA microfluidic
device (i) with mounted SLA-clear 3Dp-pPump
and 17 min (ii) after sample loading. B) Pictures
of the 3D printed microfluidic device (i) with
mounted FDM 3Dp-pPump and 45 s (ii) after
sample loading. C) Pictures of the PDMS
microfluidic device (i) with mounted SLA-black
3Dp-pPump and 30 s (ii) after sample loading.
y D) Scheme of the assembled FDM 3Dp-pPump
to the 3D printed device (top). 3D printed
microfluidic device with integrated FDM 3Dp-
pPump, connected without the use of any PSA
piece (bottom).

Fig. 4. Pictures of a multilayer PMMA thermolaminated device (380 pm height, 1 mm width and 50 mm length) without 3Dp-pPump, connected to a SLA-black, SLA-

clear and DLP 3Dp-pPumps at times 0, 1 and 10 min, after loading of the sample.

3.2. 3Dp-uPumps versatility

Previous publications have shown that the flow rate of the vacuum
pump depends on the properties of the material and on the effective
suction surface, that is, the surface of the micropump that absorbs the
air. And, on the other hand, it has also been seen that polymeric
micropumps lose suction capacity over time as they fill with air [11,13,
18]. To evaluate the effect of the polymer surface exposed to the
microchannel on the pressure exerted by 3Dp-pPumps, the flow rate
generated by different micropumps of increasing surface area was
characterised. Micropumps of multiple SLA-black printed units (x1 to x4
units) were fabricated (see experimental methods for details) and
mounted on PMMA thermo-laminated microfluidic chips (380 pm
height, 1 mm wide and 50 mm long). Subsequently, the flow rate pro-
duced by each pump was characterised by the digital microscope to
monitor the liquid front motion inside the microchannel. Average flow
rates of 0.25 pL min~?, 1.50 pL min?, 2.00 pL min~* and 2.50 pL min?
were measured for the x1, x2, x3 and x4 units micropumps. In all cases,
maximum flow rates were achieved during the first minutes, followed by
an exponential decrease. After 2 min, the flow rate showed a more stable
regime which lasted for about an hour. The micropumps slowly recov-
ered the air, previously evacuated by degas and, therefore, their suction
capacity decreased with time until reaching the equilibrium and stop-
ping the flow. The generated flow rates were proportional to the number
of units of each SLA-black 3Dp-pPump (see Fig. 5). Among the different
SLA 3Dp-pPumps, a lower decrease in the flow rate was observed when

the number of units was low (x1 > x2 > x3 > x4).

Additionally, in order to confirm that the liquid did not move
through the channel unless a micropump was adhered to the outlet of
the device, the same characterisation was performed but without any
micropump. 90 pL of red dyed water were added to the inlet of the
PMMA microchannel, no movement of the liquid inside the channel was
appreciated after 10 min observation, see Video 6. This experiment
indicated that only the negative pressure provided by the micropump
could trigger the movement of the liquid.

The behaviour of the 3Dp-pPumps was similar to that of other
polymeric micropumps [11,18]. Nevertheless, their flow rate was lower
than PDMS micropumps of similar configurations [18], indicating lower
air solubility in the SLA-black resin than in the PDMS. In conclusion,
these results evidenced that the suction force is adjustable, depending on
the 3Dp-pPump surface area exposed to the microchannel, since the flow
rates increased with the number of units, 3Dp-pPump (xN), in the same
way as in the previously published PDMS micropumps [18].

3.3. Autonomous colorimetric test for starch detection

As an example of a self-powered colorimetric test, enabled by the
3Dp-pPumps combined with a plastic microfluidic cartridge, we
demonstrated the performance of an autonomous device for the detec-
tion of starch by the lugol-starch reaction. For this purpose, a 3Dp-
pPump was attached to a multi-layered microfluidic device. The
microchannel configuration was a single channel with a circular trench
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Fig. 5. A) SLA-black 3Dp-pPumps flow rates characterisation using increasing number of units (1, 2, 3 and 4). B) Linear regression of the average flow rate of the
SLA-black 3Dp-pPumps using increasing number of units. C) Pictures of two PMMA microfluidic device (380 pm height, 1 mm width and 50 mm length) with in-

tegrated SLA-black 3Dp-pPump of 3 units (i) and 4 units (ii) at 4 min.

where the transparent starch gel was placed. During the starch deter-
mination, a change of colour should be observed when the lugol solution
reaches the trench and touches the starch gel, turning it into an intense
"blue-black" colour. This reaction is widely named as the iodine-test and
it is often used for starch determination in food samples [44]. A x4-units
SLA-black 3Dp-pPump was mounted on the outlet of the plastic cartridge
and 100 pL of lugol solution was loaded into the inlet. The lugol sample
slowly filled the trench and, after several minutes, all the gelled starch
acquired a bluish-black colour. Finally, the lugol solution continued
flowing through the microchannel towards the SLA 3Dp-pPump reser-
voir (see Fig. 6 and Video 7). The microfluidic device was able to

A

lodine

Amylose helix

autonomously work, despite the high flow resistance and the large
volume of the device, demonstrating the possibility of generating
functional integrated self-powered analytical microdevices with
3Dp-pPumps and plastic microfluidic cartridges.

4. Conclusions

Rapid point-of-care analysis is one of the most important applica-
tions of microfluidics. To facilitate the implementation of this technol-
ogy, there is a great demand for microfluidic architectures that do not
require electronic instrumentation to control the flow of samples within

@

-
@ l

Starch-iodine

(Lugol)

(Starch)

complex

Fig. 6. A) Scheme of the iodine-starch reaction inside of the microfluidic device. B) Pictures of the layer-by-layer microfluidic device for starch detection (i) at time
1 min (ii) and 18 min (iii) after loading the lugol solution (yellow). The 4-units SLA-black 3Dp-pPump was responsible for the autonomous operation of the device.
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the microchannels. During the last 8 years, it has been demonstrated the
possibility of manufacturing modular polymeric micropumps with the
idea of having modular architectures: microfluidic cartridges and
micropumps, which can be assembled to generate self-powered devices.
The idea is very attractive as a universal architecture for POC analysis
devices, but, in order to get to that point, it is necessary to have a ver-
satile manufacturing technique that would enable the easy fabrication of
customised micropumps and cartridge designs.

In this work, we demonstrated that 3D printing is a highly versatile
technique for the fabrication of modular polymeric micropumps to
create autonomous flow microsystems. As a proof of concept, we
demonstrated the development of an autonomous colorimetric test for
starch detection. Different manufacturing techniques using 3D printing
allowed the fabrication of parts with polymeric materials, quickly and
easily. The micropumps can be assembled with diverse microfluidic
devices manufactured by different methods, material composition
(resins) and dimensions. It was demonstrated that the negative pressure
provided by the micropumps is responsible for the movement of the
liquid through the microchannels. In addition, the flow rate generated
by the micropumps is tuneable because the pressure provided by the
micropumps depends on the suction characteristics of the material and
their air absorption surface. Since there are a wide variety of 3D printing
methods and the range of designs and materials that can be used is huge,
this strategy enables the manufacturing of customised micropumps ac-
cording to the needs of the application. Last but not least, for the first
time, we showed an alternative to create geometries that cannot be
manufactured with normal fabrication techniques, by presenting an
improved strategy for direct assembly of micropumps and microfluidic
cartridges, demonstrating a truly universal methodology. For all stated
above, 3D manufactured micropumps arise as an innovative element in
the field of self-powered microfluidics, which could become a key
element for the development of integrated microsystems for applications
such as rapid analysis at the point-of-care.
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