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Microfluidic devices based on polydimethylsiloxane shown a plethora of experimental possibilities due
to good transparency, flexibility and ability to adhere reversibly and irreversibly to distinct materials.
Though PDMS is a milestone in microfluidic developments, its cost and handling directed the field to
search for new options. 3D printing technology nowadays starts a revolution offering materials and pos-
sibilities that can contribute positively to current methodologies. Here we explored the fused deposition
modeling 3D printing technique to obtain integrated, transparent and sealed microchannels made with
polylacticacid, a cheap alternative material to set up microfluidic systems. Using a home-made 3D printer,
devices could be assembled in a simplified process, enabling the integration of different materials such as
paper, glass, wire and polymers within the microchannel. To demonstrate the efficacy of this approach, a
3D-printed electronic tongue sensor was built, enabling the distinction of basic tastes below the human

threshold.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The preeminent control, manipulation and analysis of liquids
at the submillimeter scale in microfluidic devices allowed the
integration of research fields with emergent technologies such
as lab-on-chips and organ-on-chips [1-3]. Microfluidics has a
great potential to fulfill analytical and preclinical challenges in a
cost-effective manner, with numerous applications based on poly-
dimethylsiloxane (PDMS), a milestone in the field [4,2] due to
its non-toxicity, optical transparency, gas permeability, chemical
inertness, low surface energy and good weatherability [5]. Cur-
rently, there is a growing interest in 3D-printing research as it offers
abroaderrange of materials and the ability to fabricate objects with
complex architectures avoiding multi-step processing.

The main 3D set up processes are stereolithography (SLA),
fused deposition modeling (FDM), selective laser sintering (SLS),
and direct ink writing (inkjet) [3,6], making the technique suitable
across diverse applications. Some advantages of 3D printing for the
microfluidic field are its simplicity, fast and efficient prototyping

* Corresponding author.
E-mail address: varlei@ifi.unicamp.br (V. Rodrigues).

http://dx.doi.org/10.1016/j.snb.2016.10.110
0925-4005/© 2016 Elsevier B.V. All rights reserved.

[3,7] with no need of photomasks, photoresists and clean room
facilities. It can be straightforwardly replicated by non-expert users
to build intricate structures at micrometer resolution, without the
intensive, expensive and tiresome processes required by current
techniques (soft-lithography, laser ablation, micromachining, etc).
The FDM method enables the use of cost-effective thermoplastics
such as polylactic acid (PLA), acrylonitrile butadiene styrene
(ABS), polyethylene terephthalate (PET), nylon [8] and PLA-based
conductive graphene filament, amenable to mass production [9].
PLA was chosen here as it is a well-established filament for
FDM 3D-printers ensuring good reproducibility and a ready-to-
use material for device fabrication. It is a thermoplastic composed
by a linear aliphatic polyester chain synthesized from renewable
resources, soluble in tetrahydrofuran, chlorinated solvents, hot
benzene and dioxane [10], naturally biodegradable, lasting from
six months to two years in the environment and it is also harmless
if hydrolyzed, facilitating its final disposal [11,10,12-14]. More-
over, it is mechanically rigid with a relative high tensile strength
(~50MPa), maintaining its structural integrity upon 200°C, an
important feature in low temperature sterilization processes for
implantable devices [15,10,16,17]. It is also chemically resistant
in acidic media, allowing reversible surface functionalization with
other polymers, coating with proteins and enzymes, or permanent


dx.doi.org/10.1016/j.snb.2016.10.110
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.10.110&domain=pdf
mailto:varlei@ifi.unicamp.br
dx.doi.org/10.1016/j.snb.2016.10.110

36 G. Gaal et al. / Sensors and Actuators B 242 (2017) 35-40

linkage with functional molecules in order to enhance biosensing
response [18,17].

Comparatively, PDMS is more expensive than PLA and it
presents some drawbacks such as low elastic modulus, which can
cause geometric deformation in microfluidic structures under high
pressure operation. Moreover, small molecules can be absorbed
into PDMS structure, it is also vapor-permeable and it has a poor
chemical compatibility with many organic compounds making it
suitable mainly for aqueous applications. Finally, prototyping pro-
cesses with PDMS require several steps, such as casting, curing,
cooling, de-lamination and bonding, with an estimated processing
time of 3h [5,19].

The potential of 3D printing in microfluidics was already illus-
trated in previous reported works. A 3D printer was used to produce
valve channels with distinct widths, heights and distances [20].
Begolo et al. 3D printed pumping lids to generate positive and
negative pressures in a PDMS microfluidic device, allowing fast
prototyping and design iterations without reducing the quality
for portable diagnostics setups [21]. Interconnect channels with
gasket-type seals punched into PDMS are prone to leak easily;
however, Paydar and colleagues successfully 3D printed complex
structures for customizable interconnect microfluidics [22]. 3D
printed molds have been used for rapid fabrication and precise
control of complex 3D channel geometries in PDMS, in fact many
developments are still devoted in molding aimed for PDMS appli-
cations. Hwang and colleagues used 3D printed molds for precise
control of complex 3D channel geometries in PDMS [23]. Moreover,
Erkal et al. 3D printed microchannels that can be easily integrated
with external electrodes for electrochemical detection [4]. Shallan
et al. demonstrated the fabrication process of a complex, three-
dimensional microfluidic device using stereolithography in less
than5h [9].

We explore here the FDM 3D-priting technology to fabricate
microchannels using PLA as an alternative material to PDMS, allow-
ing a cost-effective and flexible technique to accelerate customized
developments of microfluidic devices [3,24,5]. We show a simpli-
fied process to fabricate closed PLA microchannels monolithically
integrated with other materials and successfully incorporated in
practical devices. To illustrate the fabrication process and as proof-
of-concept, a 3D-printed electronic tongue (e-tongue) was built and
characterized to distinguish tastants below the human threshold.

2. Experimental methods
2.1. 3D-printing setup

In this work we used a home-made 3D printer, based on the
RepRap open hardware project [25]. In particular, a standard Prusa
Mendel90 FDM 3D printer [26] was built, shown in Fig. 1. It uses
a commercial hot nozzle of 0.4 mm in diameter for thermoplastics
filaments of 1.75 mm in diameter, purchased from e3D [27]. The
extruded thermoplastic is deposited on a hot table, which ensures
the adhesion of the first layer and maintains a temperature gradient
along the printing object, preventing delamination, i.e. separation
of deposited layers from each other. Extruder and hot table are
moved by stepper motors following Cartesian coordinates, prin-
ting the object in the layer-by-layer process. It was used a standard
hot bed with 200 mmx 200 mm of building area, which allows the
printing of multiples devices at the same time, using a mirror on
the heated platen to ensure a flat and smooth printing surface. The
PLA filament used to print the microchannels was also purchased
from e3D [27], extruded at 200 °C, with the hot bed kept at 60°C
along the entire printing process. The printer was controlled by an
open source arduino microcontroller board Mega 2560, interfaced
with a commercial RepRap Arduino Mega Pololu Shield (RAMPS).
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Fig. 1. (a) Prusa Mendel90 3D printer scheme from the open hardware RepRap
project [25,26]. (b) Home-made built setup. Inset: 0.4 mm in diameter hot nozzle.

Autodesk Inventor 2015 Student Edition was used to design 3D
device models, which were further converted to a STereoLithogra-
phy (STL) format [8]. Then the STL file was sliced by the free license
software Slic3r that converts the 3D model into stacks of 2D printing
planes [28]. Each plane contains a set of Cartesian coordinates that
specify the amount and where the filament should be deposited
using the G-code CNC language [8,29].

2.2. Microchannels characterization

The roughness of the microchannel (bottom, top and side walls)
was an initial concern because the printer deposits molten thermo-
plastic threads side by side to make a layer. A perfilometer Dektak
150 was used to measure the roughness of the bottom part of an
unsealed channel having 1200 wm in width and 400 wm in height.
In order to show that the channel roughness does not generate
instabilities to the flow and to verify the efficacy of the sealing by
the 3D-printing process, a digital camera Nikon D7000 was used
to record the flow through a three-inlet microchannel. Two dif-
ferent solutions prepared with red and green dyes, acquired in
a local supermarket, were injected into the inlets. The RGB color
components of the solutions was used to track the liquids through
the main microchannel, checking for indications of mixture of the
fluids.
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Table 1

Parameters used in the LbL assembly of the materials to set up 3 e-tongue unit sensing.

37

# Material Concentration pH Deposition time (min) Number of bilayers
1 PDDA 10 wL/mL 3.5 10 3
GPSS 0.1 mg/mL 3.5 15
2 PDDA 10 pL/mL 8.0 10 3
CuTsPc 0.5 mg/mL 8.0 8
3 PDDA 10 pL/mL 2.7 10 3
MMT-K 1.0 mg/mL 2.7 10

2.3. 3D-printed device

To demonstrate the efficiency of the 3D-printing process in
fabricate a microfluidic device with integrated functionality, a
microfluidic electronic tongue was built similar to that reported by
Daikuzono et al. [30]. Briefly, the impedance is measured among co-
planar, gold interdigitated electrodes (IDEs) coated with nanostruc-
tured films deposited by the layer-by-layer (LbL) technique onto the
IDEs [31]. Poly(diallyldimethylammonium chloride) (PDDA) was
used as cationic layer and either poly(styrenesulfonic acid) sodium
salt (GPSS) [32], copper (II) phthalocyanine-tetrasulfonic acid tetra-
sodium salt (CuTsPc) or potassium montmorillonite (MMt-K) were
used as the anionic layer. Finally, the device is established by inte-
grating the 4 individual sensing units: bare IDEs and three other
electrodes having 3-bilayer films of (PDDA/GPSS), (PDDA/CuTsPc)
and (PDDA/MMt-K). The deposition parameters used in the LbL
films formation are specified in Table 1 [30,33].

Gold IDEs were evaporated onto a transparency sheet to enable
anirreversible bonding with the 3D-printed PLA microchannel. The
IDES were fabricated at LNNano (Campinas, Brazil) and consisted
of 30 pairs of fingers 3.6 mm long, having 40 pum in width and
separated 40 pm each other (cell constant ~13.7 mm). The PLA
microchannel had 600 wm in width and height, with a square
chamber having the same height and 5 mm in width, designed to
accommodate the active area of the IDEs, increasing the electrodes
contact with the analyte. The inlet/outlet cylindrical structures
were designed to fit the plastic hollow body of a common cotton
swab. We also integrated a silicone hose to the other end of the
rigid tube to facilitate the external connection with a syringe. Fig. 2
illustrates the 3D printed e-tongue, highlighting the place were the
IDEs were inserted. It also shows the four sensing units comprising
the microfluidic e-tongue system used to distinguish the tastants.

All solutions reported here were prepared using ultrapure water
acquired from an Arium ® comfort Sartorius system. The samples
analyzed with the 3D-printed e-tongue were prepared at 1 mM,
using NaCl, HCl, caffeine and sucrose purchased from Sigma. Elec-
trical response of the analytes were acquired using the impedance
analyzer Solartron 1260A with Dielectric Interface 1269A. The solu-
tions were driven through the sensing units using a syringe pump
(New Era). Three independent sets of measurements were acquired
at 6kHz, with data analyzed using principal component analy-
sis (PCA). According to the literature [30], at the kHz region the
film/electrode interface rules the impedance of the system.

3. Results and discussion
3.1. Microchannel 3D printing

Our first challenge in using the FDM 3D printing technique was
to print an open microchannel in PLA for further sealing with glass,
paper or polymers, similar to the process usually made with PDMS.
Leakages were always present due to the rough upper edges on
the top channel surface, precluding a proper sealing. These dif-
ficulties were overtaken using PLA deposition itself to seal the
microchannel, reducing the total time and steps involved for the

device fabrication. Our strategy was to print first the ceiling on the
hot bed, followed by the microchannel wall and its bottom. With
this approach, careful adjustments to the printer and Slic3r settings
were needed to avoid a collapse of the structure or the formation
of net like structure at the first layer of the 3D-printed object, ham-
pering future developments. The distance between the nozzle and
the hot bed surface is a crucial parameter for the FDM technique
because it cannot be too large, otherwise the molten filament does
not adhere to the hot bed, and it cannot be too small since extru-
sion would be impeded. After a manual adjustment of the distance
between the nozzle and the hot bed for an usual print, it was added a
0.1 mm negative offset on this distance compressing the first layer,
thus creating an overlay among the printed tracks, ensuring a good
sealing of the device. It is worth mentioning that this technique
also increases the transparency of the first layer deposited, gen-
erating a clear window to observe the flow inside the 3D-printed
microchannel.

a) Outlet

IDE pos.i.tion

£ v

: Sl

Gold IDE integrated -

with the microchannel ’I/ il i
during the printing process —

Fig. 2. (a) 3D model of the e-tongue with the microchannel in red. The gold IDEs
were, manually inserted at the forth layer during the printing process at the outlined
site; (b) e-tongues system. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Cross-section perfilometry of an opened 3D printed PLA microchannel.

This relative height, optimized to ensure both microchannel
sealing and good transparency at the bottom part, introduced
a distortion in the cross-section of the channel, illustrated in
Fig. 3. The hot end nozzle exerts an extra pressure on the former
deposited layers forcing them aside, which generates the observed
v-shaped profile inside the microchannel. As a consequence, the
channel dimensions are different from the 3D model, introducing
up to 90% deviation from the nominal value on the first layer of
the microchannel wall. Perfilometry analyses indicated a surface
roughness of 2 wm on the printed tracks and 40 wm roughness due
to the overlay of the tracks.

Despite the micrometer scale of the microchannel and its low
Reynolds number (~1 in this work), the relative high surface rough-
ness of the walls can introduce instabilities in the flow regime,
acting as a passive microfluidic mixer, inherent to geometry of
the microchannel [34]. This feature would be deleterious to var-
ious chemical and biochemical applications [35-39]. A three-inlet
microchannel, 1200 pm in width was printed to verify both the
influence of channel roughness and the “v-shaped” cross section
on the flow regime. A red dye solution was pumped between two
green dye solutions to facilitate RGB profile analyses, as shown in
Fig. 4. The same flow rate was kept for the 3 inlets (1000 wL/h),
a typical value for microfluidic applications. We defined the red
and green signatures as the mean value of the pixels color of the
regions 2 and 3 respectively, as presented in Fig. 4a. Fig. 4b shows
the average value of the components of the red and green colors
through the region 1 (Fig. 4a) and it indicates that the green and red
dyes solutions in the main microchannel were unmixed. Therefore,
the channel roughness did not introduce instabilities to the flow
through the channel length (1.8 cm). Looking close to the Fig. 4b
one can notice that the green signal starts to grow before the chan-
nel wall, leading to a misinterpretation that the microchannel is
leaking to the sides. However, this feature is due a distortion in
Fig. 4a, introduced by the tracks overlay.

3.2. Integrate substrates into the microchannel

Some microfluidic devices require the integration of different
substrates inside the microchannel. After surpassing sealing prob-
lems reported here previously, paper, wires, glass, polymers and
electrodes were successfully integrated into the 3D printed PLA

5
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0-05 500 1000 1500 2000 2500
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Fig. 4. (a) Laminar flow of dye solutions inserted in a three inlet microchip. Note
the rectilinear infill with 20% fill, a grid, inside the body of the device. Regions 2 and
3 were used to define the red and green color components respectively, as the mean
value of the pixels color. (b) Signature in region 1 of the colors defined on regions
2 and 3. It represents an average of the color intensity profiles transversal to the
channel cross section. Dashed lines indicates the microchannel wall position. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

microchannel setup, as illustrated in Fig. 5. To accomplish that,
we modified the original G-code and introduced a command to
pause the printing process in a particular plane [29]. The desired
material was then manually inserted, aligned with the microchan-
nel and fixed with a high temperature polyimide tape to avoid a
possible misalignment caused by the hot nozzle when the printing
process was resumed. It is worth mentioning that in this work only
thin materials were integrated into the microchannel, avoiding the
need to adjust the 3D model to accommodate the inserted material.
However, if the desired substrate is thicker than the printed layer
height (in our set up ~200 p.m) further adjustments to the project
will be required to avoid a collision between the hot nozzle and the
material inserted.

The FDM 3D printing technique can capitalize strengths and
enhance the capability of the designers to improve analytical
devices already developed and fabricate fully functional chips
using non-expensive materials and methods. The tip-pinch pos-
ture offered by the FDM printing to integrate different materials can
expand the microfluidic field as there is no need of tedious align-
ments, besides the fact that reaction zones can be integrated into
different architectures and additional complex processing steps.

3.3. Microfluidic electronic tongue

To demonstrate the easy integration process of the FDM 3D
printed, a proof-of-concept microfluidic electronic tongue system



G. Gaal et al. / Sensors and Actuators B 242 (2017) 35-40 39

3D interconnected
microchannels
glass slide

3
3
o
O
il
Q
>3
=
o

ay1 uleas api|s sse|s

Fig. 5. Easy integration of materials during the 3D printing process expanding applications for multiple functionalities: (a) thin electrode integrated into the microchannel
without leakage or flow obstruction; (b) flow driven by paper inserted into the microchannel; (c) glass slide introduced without leakage; (d) side view of (c) showing the 3D

integration between channels placed in different heights.
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Fig. 6. PCA score plot for basic taste aqueous solutions prepared at 1 mM in three
independent set of measurements. Sucrose (sweetness), NaCl (saltness), HCI (sour-
ness) and caffeine (bitterness).

was developed as shown in Fig. 2. Solutions having basic tastes
were pumped in the microchannels at 1000 p.L/h with impedance
data acquired when the liquid samples flow through the sensing
units [30]. The distinct electrical behavior of the materials compris-
ing the sensing units forms a fingerprint of the solutions analyzed,
allowing for the distinction of the analytes [40]. The global response
of the sensor was pooled in a PCA score plot, as shown in
Fig. 6.

Briefly, PCA is a statistical method largely employed in mul-
tivariate analysis to reduce the dimensionality of the original
data without losing information. It transforms the original dataset
in uncorrelated variables called principal components that are
obtained from a linear combination of the original variables. The
first principal component (PC1) renders the highest variance of the
measured variables, the second principal component (PC2)explains
the maximum of the residual variance, and so on [41].

A good correlation of the tastants was reached
(PC1+PC2=99,98%), even considering salt and sweet solu-
tions below the human threshold (10mM for humans) [42]. As
expected, a small dispersion of the data in three independent
sets of measurements was observed, similarly to that reported by
Daikuzono et al. [30], and a good distinction of the basic tastes
was achieved, especially considering experimental difficulties
to measure sucrose (non-electrolyte) and caffeine (hydrophobic
solute in aqueous solution) [43,44].

4. Conclusions

We were able to 3D-print transparent and sealed PLA
microchannels despite limitations in resolution imposed by the
FDM technology. Important achievements included good trans-
parency, printing of microchannels without collapsed structures,
use of a cheap and more accessible material (PLA) alternative to
PDMS and easy integration of other materials during printing. As
a proof-of-concept, flexible interdigitated electrodes were easily
incorporated in a microfluidic e-tongue capable of distinguishing
basic tastes. Apart from using only microliters of the samples, it
is important to stress the fact that this 3D-printed microfluidic
e-tongue was built within less than one hour, something hard
to achieve by traditional PDMS techniques. In summary, the 3D
printing technology potentiates the field with more creative ideas,
cost-effective and alternative materials for a rapid prototyping of
complex structures as well as greater flexibility in design, paving
the way to more abundant developments. The ability to readily
change design and use materials other than PDMS demonstrated
here will undoubtedly inspire future microfluidic integrations. The
potential to print functional modules will also impact forthcoming
developments in sensor applications made by non-experts, inter-
disciplinary expanding potentials and competences.
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