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Abstract: An electronic tongue (e-tongue) is a multisensory system usually applied to complex liquid
media that uses computational/statistical tools to group information generated by sensing units into
recognition patterns, which allow the identification/distinction of samples. Different types of e-tongues
have been previously reported, including microfluidic devices. In this context, the integration of
passive mixers inside microchannels is of great interest for the study of suppression/enhancement
of sensorial/chemical effects in the pharmaceutical, food, and beverage industries. In this study, we
present developments using a stereolithography technique to fabricate microfluidic devices using
3D-printed molds for elastomers exploring the staggered herringbone passive mixer geometry. The
fabricated devices (microchannels plus mixer) are then integrated into an e-tongue system composed
of four sensing units assembled on a single printed circuit board (PCB). Gold-plated electrodes are
designed as an integral part of the PCB electronic circuitry for a highly automated platform by enabling
faster analysis and increasing the potential for future use in commercial applications. Following
previous work, the e-tongue sensing units are built functionalizing gold electrodes with layer-by-layer
(LbL) films. Our results show that the system is capable of (i) covering basic tastes below the human
gustative perception and (ii) distinguishing different suppression effects coming from the mixture of
both strong and weak electrolytes. This setup allows for triplicate measurements in 12 electrodes,
which represents four complete sensing units, by automatically switching all electrodes without any
physical interaction with the sensor. The result is a fast and reliable data acquisition system, which
comprises a suitable solution for monitoring, sequential measurements, and database formation,
being less susceptible to human errors.

Keywords: electronic tongue; microfluidic mixer; 3D printing; embedded PCB electrode

1. Introduction

An electronic tongue (e-tongue) is a multisensorial system usually applied to liquid samples that
uses computational/statistical tools to transform raw data into recognition patterns [1,2]. Different
types of e-tongues have been reported in the literature [3] for numerous applications [4–7]. E-tongues
have also been integrated into microfluidic devices [8–12], which offer many advantages including
the use of continuous flow for faster analysis, reliable purge cycles with pure water, reduction in
size, and volumes for sampling and discharge, which, in turn, reduces waste and cost in the analysis.
A challenge in using such microfluidic devices is that mixing is not always effective due to laminar
flow conditions, which can adversely affect the study of sensorial/gustative effects.
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Due to the small length scales, usually in the tens or hundreds of micrometers, the flow of
liquids in microfluidic devices is governed by low Reynolds number hydrodynamics [13]. Under
such conditions, the mixing of fluids can be challenging since linear viscous forces dominate over
nonlinear forces [13,14]. To overcome this challenge, researchers have explored different types of novel
methods [15], but the main idea is the same: induce Lagrangian chaos to achieve effective mixing. Then,
the different types of mixers or strategies can be broadly classified into two categories, which include
active and passive mixers. Active mixers such as the use of magnetic parts or externally actuators have
proven to be effective, but fabrication and implementation of such mixers can be complicated since
they often rely on movable parts and require an external power source [14,16]. Passive mixers, on the
other hand, work by manipulating the flow streamlines by altering the structure of configuration of
the microchannels [17]. Once fabricated, passive mixers rely on flow conditions (e.g., flow rates) as
the primary control parameter for mixing [14,18]. Passive mixers are usually designed by altering
the channel dimension or placing ridges/grooves on the floor of the microchannel [17]. In this way,
a staggered herringbone mixer (SHM) [19,20] is a simplified form of patterned grooves that allows
for the enhancement in fluid mixing in microchannels. The concept is analogous to the use of static
mixers in larger pipes. Through conventional microfabrication methods, the SHM structure requires
two photolithography steps [19], which adds to the fabrication complexity.

One way to circumvent some of the complexities in microfluidic fabrication is to use 3D printing,
which is an emergent, fast additive manufacturing technology that has been applied lately to develop
microfluidic devices with passive mixers. For example, Knowlton et al. used an Objet 30 Prime polyjet
machine to fabricate 3D-printed channels with SHM and evaluated the mixing enhancement when
compared to simple diffusion in a chamber [21]. The microchannels were built without one of the
walls to allow residual cleaning and removal of the supports. The open face was bonded to a glass
slide using polydimethylsiloxane (PDMS) as the adhesion layer. Recently, Wiese et al. fabricated an
SHM device using an Objet EDEN printer to study fluid dynamics by 3D flow magnetic resonance
imaging [22]. The channel, which featured a 2-mm width and 500-µm groove height, was printed
with an open face and sealed with an O-ring onto a glass slide. Goh et al. fabricated molds for PDMS
channels with SHM using a fused deposition modeling (FDM) 3D printer [23]. They printed the SHM
using polyvinyl alcohol (PVA) water-soluble filament that produced stable 3D-printed structures for
elastomer molding. After curing, the PVA mold was removed in water, which revealed the channel
profile in PDMS. The water-soluble sacrificial mold featured a 1.2-mm channel width, a 600-µm channel
height, and a 200-µm groove height. The above examples show that there are advantages (as well as
challenges) of using 3D printing techniques to fabricate the SHM.

The field of sensing analysis has also benefited from the advances in additive manufacturing.
For example, the 3D-printed microchannel is fabricated for electrochemical investigation [24], in
which the devices are made with a threaded port over the microchannel and allows the integration of
electrodes in sensors after the printing process. More recently, researchers used poly(lactic acid) (PLA)
filament doped with carbon nanotubes to print electrodes, and an acrylonitrile butadiene styrene (ABS)
filament to fabricate microchannels via FDM printing [25]. In the same year, an e-tongue setup used
3D-printed channels fabricated by FDM [26]. The bottom part of this device was fabricated first, with
the printing process paused to integrate microelectrodes previously fabricated by photolithography
onto transparency sheets. Despite these recent advances, none of the 3D-printed microchannels applied
in sensors have included microfluidic mixers or automated switching between electrodes.

In this scenario, we present sensor developments comprising 3D printing, microfluidics, passive
mixers, and automated data acquisition in an e-tongue setup. We use stereolithography (SLA) to
fabricate 3D-printed SHM geometries for elastomer molding that is further integrated into a printed
circuit board (PCB) with electrodes embodied into a single PCB as part of the circuit. The idea is to
integrate passive mixers in a microfluidic e-tongue setup, which allows automated electrode switching
commanded by software. As a proof of concept, the automated microfluidic e-tongue is tested in basic
tastes relevant to human gustative perception (sweetness, saltiness, sourness, bitterness, and umami)
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at 1 mM. The human threshold for sweetness and saltiness is at 10 mM, and the device can distinguish
suppression effects at low molar concentrations from mixing strong, weak, and non-electrolytes inside
the microchannels without evidence of cross-contamination.

2. Experimental Development

2.1. 3D-Printed Molds for Microchannel Fabrication

The SHM geometry consists mainly of grooves in the form of asymmetric herringbones inside a
microchannel. More information about the mixer can be found in References [19,20]. Groove shapes
varying upon the axial position in the channel will generate a chaotic flow from the repeated sequence
of rotational and extensional local flows [19,20]. In the SHM design, one mixing cycle comprises two
sequential groove sections and the asymmetrical direction of the herringbone that switches regarding
the central symmetry line of the channel at every half cycle. The sequence of local flows in the SHM is
achieved by varying the shape of the grooves as a function of the axial position inside the microchannel.
The idea is to create non-periodic perturbations to the flow. A change in orientation of the herringbones
between half-cycles changes the positions of the centers of rotation and the upwelling and downwelling
in the transverse flow [19]. A subsequent study found that the SHM achieves effective mixing within a
short distance due to the formation of two helical flows with alternating large and small vortices that
rotate in opposite directions [20].

In this case, the microchannel mold is sketched using Autodesk Inventor software and consists of
a rectangular microchannel (500 µm wide) with three cycles of SHM, as shown in Figure 1a. Since some
factors strongly affect the mixing efficiency in SHM structures, especially the groove depth [27], the SHM
features for the mold sketched in this scenario (Figure 1b) are chosen based on the geometry proportions
obtained from the literature [20,27–29]. A Y-shaped microchannel is designed to accommodate two
electrodes before the mixer and one electrode after that. The 3D solid data is translated to a faceted
mesh representation consisting of a set of triangles that is converted to an stereolithography (STL) file
compatible with 3D printers. The Y-shaped microchannel mold is printed using the ProJet 6000 from
3D Systems (Rock Hill, South Carolina, United States) based on SLA printing technology. It consists
of a vat of liquid photopolymer resin that is cured by an Ultra-Violet (UV) laser, which solidifies the
desired pattern to create a solid part from the 3D computer-aided design (CAD) file. The process is
repeated layer-by-layer until all the data is processed, and then the solid object is removed from the
ProJet 6000 for post-processing. In this case, we use clear polycarbonate resin and isopropyl alcohol for
post-processing. Figure 1c shows a picture of the 3D-printed microchannel mold with a close-up at the
SHM pattern, while Figure 1d shows its optical image with printed dimensions obtained at the Axio
Imager 2 microscope from ZEISS (Oberkochen, Germany).

Once the microchannel mold is ready, PDMS is prepared using the base and curing agents (10:1)
of a Sylgard® 184 kit from Sigma-Aldrich (St. Louis, MO, USA). The viscous liquid is kept 1 h in low
vacuum pressure to remove air bubbles and is then poured into the 3D-printed mold. During the
curing process, PDMS takes the shape of the mold with both the microchannel and SHM patterns.
Microchannels having SHM 3D-printed molds for PDMS offer a few advantages compared to soft
lithography on a silicon wafer: (i) 3D mold printing is faster, cheaper, and does not require cleanroom
facilities; (ii) mitigation of human error since soft lithography requires at least two processing steps to
fabricate an SHM mold [19], which often leads to alignment problems; (iii) 3D printing enables the
fabrication of single molds with frames, considerably reducing the amount of PDMS when compared
with molds using a silicon wafer. To facilitate the removal of the PDMS channel from the 3D-printed
mold, it is also possible to print a base separately with the channel mold and a frame and then bind
them with a clip before pouring the liquid PDMS with a curing agent.
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2.2. Automated Electrode Switching 

The core of the sensing setup is based on gold-plated interdigitated electrodes (IDEs) embedded 
on printed circuit boards (PCB). This technology is chosen due to low unit cost and high commercial 
availability. The e-tongue setup is comprised of an array of four sensing units. Therefore, the PCB is 
designed to have 12 electrodes (see Figure 2) since three electrodes are required for each sensing unit 
to integrate the Y-shaped microchannel with SHM. Three IDEs (1 sensing unit) are used as received, 
and the others are functionalized with materials having distinct electric nature to facilitate the 
formation of a fingerprint of the samples analyzed [30]. In the same layout, a digitally controlled 
analog switching system is accommodated to route independently of the signal of each IDE to a pair 
of coaxial connectors. 

Overall, e-tongue systems require highly sensitive measurements to identify slight variations 
between distinct analytes. Therefore, micro-relays are chosen to perform the analog switching 
between IDEs instead of solid-state integrated circuits to minimize noise, impedance matching, and 
parasitic capacitance side-effects in data acquisition. The electric signal is routed to a single pair of 
Bayonet Neill–Concelman (BNC) terminals, which are straightforwardly connected to an impedance 
analyzer. The micro-relays are triggered by an Arduino Nano [31] aided by ULN2003 Darlington 
drivers, which are all accommodated in a region dedicated to the digital part of the board, far from 
the analog signals of the IDEs. The Arduino microprocessor receives commands from computer 

Figure 1. (a) Computer-aided design CAD model of the molds for polydimethylsiloxane (PDMS) with
three cycles of staggered herringbone mixer (SHM) and (b) SHM geometry sketch details (c,d) optical
images of the 3D-printed Y-channel mold for PDMS with a close-up at the SHM pattern.

2.2. Automated Electrode Switching

The core of the sensing setup is based on gold-plated interdigitated electrodes (IDEs) embedded
on printed circuit boards (PCB). This technology is chosen due to low unit cost and high commercial
availability. The e-tongue setup is comprised of an array of four sensing units. Therefore, the PCB is
designed to have 12 electrodes (see Figure 2) since three electrodes are required for each sensing unit to
integrate the Y-shaped microchannel with SHM. Three IDEs (1 sensing unit) are used as received, and
the others are functionalized with materials having distinct electric nature to facilitate the formation of
a fingerprint of the samples analyzed [30]. In the same layout, a digitally controlled analog switching
system is accommodated to route independently of the signal of each IDE to a pair of coaxial connectors.
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Figure 2. Printed circuit layout in two copper layers containing four sets of interdigitated electrodes
(IDE) electrodes (12 total). The yellow lines represent the four Y-shaped microchannels to illustrate their
position on the final device. The red, blue, and pink lines are the copper tracks on either side or both
sides of the printed circuit boards (PCB). Exposed pads and interdigitated electrodes were gold-plated.
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Overall, e-tongue systems require highly sensitive measurements to identify slight variations
between distinct analytes. Therefore, micro-relays are chosen to perform the analog switching between
IDEs instead of solid-state integrated circuits to minimize noise, impedance matching, and parasitic
capacitance side-effects in data acquisition. The electric signal is routed to a single pair of Bayonet
Neill–Concelman (BNC) terminals, which are straightforwardly connected to an impedance analyzer.
The micro-relays are triggered by an Arduino Nano [31] aided by ULN2003 Darlington drivers, which
are all accommodated in a region dedicated to the digital part of the board, far from the analog
signals of the IDEs. The Arduino microprocessor receives commands from computer software that
can simultaneously control the commutation of the IDEs, trigger measurements at the impedance
analyzer, and record data into ASCII files for post-processing. Depending on the application, the
setup can also be adapted to a highly automated platform with high potential for commercial and
industrial applications.

2.3. Printed Circuit Boards (PCB) and Microchannel Assembling

The PCB is fabricated by TEC-CI Circuitos Impressos (São Paulo, SP, Brazil). PDMS microchannels
are reversibly sealed onto the PCB by mechanical pressure using acrylic plates and stainless-steel
screws, which is illustrated in Figure 3. This procedure ensures a leak-tight operation and allows
further evaluation of the sensing units if required. Figure 3a shows the PCB containing four Y-shaped
microchannels with each of them as a different sensing unit in the e-tongue setup. Figure 3b illustrates
the flow and mixing in one Y-shaped microchannel. To better visualize mixing, blue and red food
colorants are injected at the inlets of the Y-shaped microchannel (flow rate at 1 mL/h, each). The
evidence of adequate mixing is noted by the purple liquid flowing out of the device through the third
IDE, as shown in the lower part of Figure 3b. The IDEs are selected during the electrical measurements
using computer software written by the authors without any physical interaction with the PCB.Chemosensors 2020, 8, 13 6 of 11 
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Figure 3. (a) Printed circuit boards (PCB) embedding four sensing units (three electrodes for each
Y-shaped microchannel = 12 electrodes) in a single automated platform. (b) Zoom at one Y-shaped
microchannel with a staggered herringbone mixer (SHM) incorporating interdigitated electrodes (IDEs)
at the device inputs (before mixing: blue/red dyes) and output (after mixing: purple mixture).
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3. Materials and Methods

3.1. Layer-by-Layer Films

Copper phthalocyanine-3,4′,4′’,4′”-tetrasulfonic acid tetrasodium salt (CuTsPc), montmorillonite
clay (MMt-K), poly (3,4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS), and
poly(diallyldimethylammonium chloride) solution (PDDA) were purchased from Sigma-Aldrich
and used as received. All materials were dispersed in deionized water obtained from an Arium
comfort Sartorius system. Layer-by-layer (LbL) films were fabricated similarly to what is described in
References [11,30] by simply alternating aqueous solutions of the materials inside the microchannels
for 15 min. Therefore, the four distinct sensing units comprising the e-tongue system were composed
by 12 IDEs (three IDEs for each sensing unit): three bare IDEs and nine others covered with 10 bilayers
of (PDDA/CuTsPc), (PDDA/MMt-K), and (PDDA/PEDOT:PSS). The choice of the materials was based
on the idea of mimicking the biological system of grouping distinct electrical signals sent from the
papillae to the brain into specific patterns that are easily classified as tastes. We have chosen materials
with different electrical responses to enable a fingerprint of the solutions to be analyzed [1], which can
be further processed with statistical and computational techniques. Impedance spectra were obtained
for the four sensing units (bare, PDDA/CuTsPc, PDDA/MMt-K, and PDDA/PEDOT:PSS onto gold
IDEs) in distilled water (Figure S1).

3.2. E-Tongue Analysis

The e-tongue device is tested to distinguish electrolytes from non-electrolytes covering the basic
tastes relevant to human gustative perception (sweet, salty, sour, bitter, and umami), and their mixtures.
For this purpose, aqueous solutions of sucrose (C12H22O11), NaCl, HCl, caffeine (C8H10N4O2), and
L-glutamic acid are prepared at 1 mM. Impedance measurements are performed at 25 mV amplitude
in the frequency range 1–106 Hz using a Solartron 1260A impedance/gain-phase analyzer and a 1296A
dielectric interface. Data acquisition is taken with the solutions flowing through the microchannels
using a New Era NE-1000 syringe pump (Farmingdale, NY, USA) at a 1 mL/h flow rate. Triplicate
measurements are automatically acquired, which result in faster data acquisition. Fewer susceptible
errors originated from manipulation, wiring of individual electrodes, or contact problems. The raw data
(electrical impedance measurements) are dimensionally reduced using Principal Component Analysis
(PCA), which aids in data interpretation and visualization. In general, liquid systems evaluated using
e-tongue devices with a capacitive behavior, characterized by negative values of the impedance phase.
In this study, we use capacitance, C, and the PCA plots are obtained from C at a fixed frequency
(1 kHz) [32] for each sensing unit.

4. Results and Discussion

The Y-shaped PDMS microchannel is sealed onto glass slides (no fluid leakage is observed). The
channels are then tested using food colorants dissolved in water at different flow rates of 1, 5, 10, 15,
and 20 mL/h. We observed that fluid mixing improved significantly by decreasing the flow rate from
20 to 1 mL/h (Figure S2), likely due to diffusion effects at lower flow rates or Peclet numbers. Therefore,
all measurements presented in this case are performed at 1 mL/h flow rate.

Figure 4 shows the PCA score plot obtained for the microfluidic e-tongue device with the SHM
mixer. The e-tongue device is assembled onto a PCB to evaluate basic tastes (sweetness, saltiness,
sourness, bitterness, and umami) as a proof of concept. The device can distinguish all basic tastes at
low molar concentrations, below the human threshold for saltiness and sweetness [33,34]. The most
distant clusters observed in Figure 4 are attributed to the strongest electrolytes (NaCl and HCl). The
data also shows that the device is very sensitive to non-electrolytes (sucrose) and weak electrolytes
(caffeine and glutamic acid), clearly seen in the zoomed area of Figure 4. These results are in good
agreement with those found previously in the literature [9,26].
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Figure 4. Principal Component Analysis (PCA) score plot of the capacitance data at 1 kHz in three
independent sets of measurements obtained with the microfluidic e-tongue mixer used to evaluate basic
tastes relevant to human gustative perception (sweet, salty, sour, bitter, and umami) at 1 mL/h flow.

Since the sugar addition commonly suppresses salty, sour, and bitter tastes, we investigate that by
mixing sucrose with salt, HCl, and caffeine. Experiments are performed by flowing sucrose in one
arm of the Y-shaped microchannels and flowing NaCl, HCl, or caffeine in the other arm. The SHM
structure is used to mix the two flowing streams, and the resulting mixture is evaluated by IDEs placed
in the e-tongue setup. Figure 5 shows the PCA score plot of the capacitance data obtained for the four
sensing units to evaluate NaCl, HCl, and caffeine suppression effects by sucrose. The use of only two
Principal Components led to high correlation (PC1 + PC2~99.9%) of the total information collected by
the sensor array for the basic tastes and their mixtures with higher information concentrated in PC1
(95.7%). From the visual analysis, all mixtures are approximately halfway between the neat solutions
that generated them. The mixtures of sucrose with NaCl and HCl are easy to visualize in Figure 5,
while the mixture of sucrose with caffeine is better distinguished in the zoomed area.
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Figure 5. PCA score plots of the capacitance data at 1 kHz in three independent sets of measurements
obtained using a microfluidic e-tongue to evaluate sucrose and their mixtures with NaCl, HCl, and
caffeine obtained under flow (1 mL/h) inside a Y-shaped polydimethylsiloxane (PDMS) microchannel
with a passive mixer.

In addition to the tests with sucrose, we investigate mixtures of strongest electrolytes (NaCl and
HCl) in the e-tongue device. Similar to the sucrose tests, NaCl and HCl are introduced at the inlets.
One inlet contains NaCl, while the other contains HCl. Figure 6 shows the PCA score plots obtained
for this analysis, comparing the results obtained for neat solutions of sucrose, NaCl, and HCl and their
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mixtures. The use of two principal components led to 97.1% (PC1 + PC2) of the total information
collected by the sensor array. Similarly, most of the information comes from PC1 (86.7%). However,
slightly lower than those presented in Figures 4 and 5 (95.4% and 95.7%, respectively). In Figure 6,
PC2 plays a more important role than those shown in Figures 4 and 5, as PC2 now comprises 10.4%
of the total information. This result may be due to the mixing effect of two strong electrolytes when
compared to the mixtures presented previously. Despite the differences observed, the visual analysis
once again shows that the mixtures are halfway from their respective neat solutions, which indicates a
proper mixing of the tastants inside the microchannels.
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Figure 6. PCA score plots of the capacitance data at 1 kHz in three independent sets of measurements
obtained using a microfluidic e-tongue to evaluate sucrose, NaCl, HCl, and their mixtures obtained
under flow (1 mL/h) inside a Y-shaped PDMS microchannel with a passive mixer.

Compared with other e-tongues in the literature, our microfluidic e-tongue setup was integrated
with a passive mixer demonstrating high potential for food, beverage, and pharmaceutical applications.
Moreover, the electrodes were designed as an integral part of the electronic circuit in a highly automated
platform performing rapid multiplexing between all sensing units, diminishing physical interaction
with the setup for faster and simplified experiments in a more systematic way. The designed setup is a
robust, portable, and flexible platform to be easily adapted in distinct uses, which paves the way for
future commercial applications.

5. Conclusions

Molds of Y-shaped microchannels with passive mixers for PDMS were successfully prepared
using the SLA 3D-printing technique. The channels were sealed onto a PCB with electrodes coated by
LbL films forming distinct sensing units. It is possible to build and test an e-tongue setup capable
of evaluating basic tastes and suppression effects in one single automated platform by integrating
Y-shaped microchannels with the sensing units, which aims for high potential applications in food,
beverages, and pharmaceutical industries. The e-tongue is able to distinguish electrolytes from
non-electrolytes and their mixtures inside microchannels, which efficiently responds to basic tastes
and suppression effects relevant to human gustative perception. Moreover, the platform is designed to
be manufactured using standard industrial processes, which are easily adapted to be commercially
available as a fast, robust, and portable instrument.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/8/1/13/s1.
Figure S1: Capacitance spectra for the bare interdigitated electrode (IDE), PDDA/CuTsPc, PDDA/MMt-K, and
PDDA/PEDOT:PSS sensing units in distilled water. Figure S2: Y-shaped channel with SHM under flow conditions
from 20 to 1 mL/h.

http://www.mdpi.com/2227-9040/8/1/13/s1
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