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Abstract: Droplet-based microfluidics has revolutionized numerous fields such as biomedical research,
pharmaceuticals, drug discovery, food engineering, flow chemistry, and cosmetics. This paper presents a
comprehensive study focusing on the detection and characterization of droplets with volumes in the nanoliter
range. Leveraging the precise control of minute liquid volumes, we introduced a novel spectroscopic On-Chip
microsensor equipped with integrated microfluidic channels for droplet generation, characterization, and
sensing, simultaneously. The microsensor, designed with Interdigitated-Ring-Shaped Electrodes (IRSE) and
seamlessly integrated with microfluidic channels, offers enhanced capacitance and impedance signal
amplitudes, reproducibility, and reliability in droplet analysis. We were able to make analyses of droplets
length in the range 1.0-6.0 mm, velocity 0.66-2.51 mm/s, droplet volume 1.07nL-113.46nL. Experimental results
demonstrated that the microsensor's has a great performance in terms of droplet size, velocity, and length, with
a significant signal amplitude of capacitance and impedance, and real-time detection capabilities, thereby
highlighting its potential for facilitating microcapsule reactions and enabling on-site real-time detection for
chemical and biosensor analyses on-chip.

Keywords: microfluidics devices; droplet-based microfluidics; Lab-On-a-Chip sensor;
interdigitated electrodes; spectroscopic sensing; real-time; microfabrication and soft lithography

1. Introduction

Microfluidics has received increasing attention in a broad spectrum of research fields from fluid
physics to biomedicine due to its capability to handle very small amounts of reactants with a high
degree of precision, reliability, reproducibility and accuracy[1-5]. Microfluidics devices are
commonly called Lab-On-a-Chip (LoC), where micro channels can incorporate multiple unit
operations[6-8], that to some extent, replace benchtop laboratory equipment, performing different
tasks such as mixing [9], separation, heating and detection. Benefits of microfluidics technology are
based on small volume of liquid samples [10], that enables faster chemical reactions process [11,12]
due to acceleration of the mass and heat transfer in the microscale [13,14] and integrated micro
actuators [15-17]. In the last decades, a microfluidics droplet-based approach has been fast evolved
[14,18-21], largely employed for biomedical applications[16,22,23], especially leading to studies with
cells and antibody development [20,24,25], where microfluidics devices have enabled a creation of
new tools and protocols[16,26-28], for example, for single-cell encapsulation, co-encapsulation, cell-
sorting, droplet recovery/extraction (de-oiling) and pico-injection [14,22,24]. Precise control and
detection of droplet generation and size are indispensable in numerous microfluidic applications [29-
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32], particularly in the field of antibody and drug development [7], including manipulation and
delivery in these processes, many of which entail the manipulation of cells or beads, inside of
microchannels. Integration of sensing and microfluidics channels [33] are needed, for its importance
of generating and monitoring microdroplets [8]. Optical detection [9], impedance detection [10], and
capacitive detection [11] emerge as the predominant sensing techniques utilized for droplet size
control and detection. However, it is important to mention that optical-based droplet detection often
demands a considerably intricate setup external to the device, involving the introduction of laser light
and the subsequent detection of scattered light using optical elements positioned within a
microfluidic channel or chamber, as evidenced by studies [12,13]. Optics-based interrogation
dependence of external equipment does not allow the fabrication of portable point-of-care (POC)
[18,34]. Electrochemical sensors can be relatively easier to manufacture and, depending on the
specific use case, enable compact circuitry for small and portable devices [10,35,36]. Nonetheless,
these sensors have critical limitations, even a very small current passing through the fluid at the open
electrode can trigger unwanted reactions such as oxidation, reduction, corrosion, degradation
leading to inaccurate readings [36,37]. As a result, by affecting sensor longevity and reliability over
time, they may not be ideal for long-term monitoring applications. Additionally, it may require more
frequent replacement and calibration due to batch-to-batch variation [36]. On the other hand,
insulated electrodes enable a label-free [38,39] and contactless detection avoiding the degradation on
the electrode surface [35,40], as the fluid solutions, their continuous and dispersive phases, pass over
a passivation layer. In this sense, oil droplets in aqueous solution changing the global capacitance
and impedance respond proportionally to the volume of liquids. Sensitivity of sensor response is
directly proportional to the electrode surface/wetted area [40], as the electrode’s geometry gets
covered by the droplet composition [35,40]. It is important to note that the fabrication process and
performance of planar interdigitated electrodes may vary depending on the specific application and
requirements. In order to optimize the fabrication process [37] and enhance the performance of planar
interdigitated electrodes, it is crucial to consider the specific application and requirements of the
device, as well as the materials and techniques used in the fabrication process [10,35,36].

In this study, we introduced a novel design of electrodes for the microfluidics sensor, called here
the Interdigitated-Ring-Shaped-Electrode (IRSE), which is fully integrated into a low-cost droplet-
based microfluidics platform. We demonstrated precise control and characterization of micro
droplets, providing basic droplets parameters such as size, volume, velocity, and shape. We
presented a fully integrated microfluidics system capable of detecting oil/water and water/oil
emulsions, enabling the simultaneous acquisition of impedance and capacitance spectroscopic data,
synchronized with video recording. The structure of the IRSE was designed to optimize the
capacitance/impedance per unit area ratio, resulting in higher sensitivity, reproducibility, and
reliability within a delimited wetted sensing region. Through the integration of the IRSE design into
the droplet-based microfluidic architecture, we enhanced the capability for precise characterization
of microdroplets for Lab-On-a-Chip applications.

2. Experimental

2.1. Microfluidic Channel Fabrication and Sensor Integration

A microfluidic channel was fabricated using soft-lithography technique, reported in our
previous works [11,33]. The master-mold for microfluidic channel was fabricated using conventional
contact photolithography, see Figure 1. The microchannel design pattern was transferred to a silicon
wafer coated with SU-8 100 photoresist. A few microchannel replicas were fabricated, using a
monomer material (Sylgard 184) deposited onto master-mold. The monomer material used was
Polydimethylsiloxane (PDMS), a layer of PDMS was deposited in the SU-8 mold. PDMS is comprised
of two parts, curing agent and prepolymer base, they were stirringly mixed at a 1:10 weight ratio.
The mixture was poured onto a replication master and degassed in a desiccator with 5.3-6.7 Pa for
120 minutes, to eliminate all trapped air bubbles in the mixture.
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Figure 1. Microchannel fabrication. SU-8 master mold replica, soft-lithography, and microchannel
cover.

The master-mold was fully covered with uncured PDMS mixture; the next step was to get the
polymer cured. The curing process was carried out for 60 minutes on a hot plate at 100°C, and was
followed by cooling down to room temperature, to get the peeling-off of the PDMS layer from the
mold. Subsequently, microchannel sealing process was carried out with oxygen plasma, by oxidizing
PDMS and microscope slides surfaces through RF O: plasma (plasma cleaner, PLAB SE80) for 2
minutes. Finally, the PDMS microchannel layer and the glass substrate containing the IRSE were
manually aligned under the microscope, and placed together, to allow the complete bonding process
between the two surfaces, for 2 hours, finalizing the device fabrication at room temperature, as shown
in Figure 1. The channels dimensions were 200um width, 80um height and 1cm length.

More details on the fabrication process is presented in the Supplementary Material.

2.2. Experimental Setup

Once fabricated microfluidics chip, we inspected the chips under the microscope and performed
the leakages tests. Leakages tests were done with an experimental setup, as shown in Figure 2. To
evaluate the droplet formation process, size, and velocity, we attached a CCD camera to microscope
and simultaneously we recorded the videos and signal changes generated on the IRSE sensor in the
LabVIEW platform.
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Figure 2. Microfluidics experimental setup used to acquire the capacitive/impedance response. a)
LabView user interface and image acquisition. b) Platform with syringe pumps, LCR meter,
multimeter and microscope. c) Microfluidics droplet generator with integrated IRSE sensor.

In parallel, we had the LCR meter (Hewlett-Packard, 4284A) connected to IRSE to monitor in
real-time the signal changes in terms of capacitance and impedance over the IRSE sensor. The full
setup is connected to a computer with software developed in LabView®, that makes the data
acquisition and displays it. The results and analyses were performed in the post-processed images
and videos synchronized with data signal recorded from the sensor over time. Since the fluid
permittivity varies with the temperature, the device temperature was monitored to ensure it was kept
near to room temperature. We used a benchtop Multimeter (Agilent, 34401A) connected to a
thermocouple (PT100) used as a reference temperature sensor placed in contact with the microfluidic
chips, as shown in Figure 2.

3. Results and Discussion

Mechanism of Droplet Formation and Detection

Multiphase micro flows are characterized by the ratio of viscous to surface forces, the capillary
number (Ca) and Webber number (We) by the ratio of fluid viscosities, as described in the Equations
(1) and (2) [12,41]:

U
Ca = HYa K (1)
0 Ha
And,
Uzd
We = /% )

where g and pa are the fluid viscosities of the continuous and the dispersed phases, respectively.
U..is the velocity, o is the density, p is the density and dr is the hydraulic diameter of the channel.
The Ca number represents the balance between viscous forces and surface tension forces, while
the We number indicates the relative importance of inertial forces compared to surface tension forces.
The interaction between the Capillary and Weber numbers significantly influences the process of
droplet formation in microfluidic systems, as shown in Figure 3. At lower Ca values, where viscous
forces are dominant over surface tension forces, droplets formation occurs more slowly and have a
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tendency to be more spherical in terms of shape, due to the prevalence of surface tension effects [41].
As Ca increases, the influence of surface tension decreases, resulting in faster droplet formation and
non-spherical shapes as inertial forces become more significant. Similarly, the Weber number has a
big impact on droplet formation dynamics.

Atlow We values, where surface tension dominates over inertial forces, small spherical droplets
can be formed primarily due to surface tension effects. However, at higher We numbers, inertial force
becomes greater leading to quicker droplet generation along with potential for satellite or irregular
shaped droplets formations. To determine the type of regime flow, Reynolds number is important, it
can be calculated by the ratio of We and Ca, as follows, Re = We/Ca. Our droplet formation regime
flow was defined by a fixed volumetric flow for the dispersive phase (in our case HFE 7500 oil from
3M), of 8, 21 and 34 uL/hour and for the continuous phase (DI water) of 1uL/hour, so Reynolds
number can be extracted.

The droplets formation occurs in a very laminar flow regime with Re ranging from 0.0452 to
0.1357, as shown in Figure 4. Understanding these dynamics is crucial for optimizing processes
related to microdroplet generation, stability, controlling, size and shape-wise across droplet-based
microfluidics applications platforms.
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Figure 3. Regime flow relation of Webber and Capillary number in droplet formation dependency.

The IRSE sensor was combined with a double T-junction microchannel to assess the droplet
formation, size, and velocity, as shown in . The spontaneous generation of droplets was managed
using two syringe pumps (NE100, New Era, US). As previously mentioned, the continuous phase
consisted of ultra-pure DI water with a high resistance value (18.2 MQ.cm), while the dispersed phase
comprised fluorinated oil HFE7500. To improve visibility of droplet formation, the dispersed phase
was colored red to enhance contrast and enable data synchronization between the camera and sensor.
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Figure 4. Cross-section of IRSE sensor structure and droplets response. (a) Microfluidics channel filled
with the continuous phase, (b) filled with the dispersive phase. (microchannels dimension, dielectric
constant of materials and conductivities of liquids are shown). (c) Flow direction and droplets
response with droplets movement over time. (d) Droplet generation design in a double-junction
channel, spontaneous droplets formation response. (e) Real-time droplet response in capacitance and
impedance.

As can be observed in Figure 5, the impedance signal generated by the droplets on the sensor
has a peak in 10.60 MQ, and baseline around 4.60 MQ leading to a very high signal amplitude of 6
MQ. On the other hand, in terms of capacitance, the peak was at 2.650x10? pF and baseline around
2.615x10? pF leading to a signal amplitude of 35 x102pF, with sensitivity being 12 times higher than
described by Ernst et al [38].
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Figure 5. Cross-section of IRSE sensor structure and droplets response. (a) Microfluidics channel filled
with continuous phase, (b) filled with dispersive phase, microchannels dimension, dielectric constant
of materials and liquids conductivity. (c) Flow direction and droplets response with droplets
movement over time. (d) Real-time droplet response, IRSE sensing window, amplitude signals
changes versus time (d) capacitive) and (e) impedance, from the show results, it can be determining
droplets content, size, and velocity.

Droplet size-wise and shape-wise were determined by a unique pair of volumetric flow rates set
on the syringe-pumps. There are three main droplet formation regimes: (i) a dripping regime, which
produces small spherical droplets; (ii) a regime of interest with medium-size droplet formation; (iii)
a squeezing regime, which produces long plug-like droplets. We used the squeezing regime to
evaluate the sensor response, due to limitation in real-time response of the electrode sensor, and
wetted area demanded, to avoid false reading of the droplet length that must be equal or bigger to
electrode length. On Figure 6 (a) and (b), we delimited the regime flow into three data points,
generating as a result three populations of droplet size: small, medium, and large.
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Figure 6. Microchannel droplet formation. (a) Three data points observed droplet size dependency
with flow rate. (b) Droplet size distribution and size variation.

In fact, the small group of droplets are not detectable, because the sensor averages the signal and
there is no clear response. The impedance and capacitance change dynamically, in accordance with
the droplet passage over the IRSE sensor. To relate the output signal to the flow rate parameters,
images of droplet formation were captured with a camera coupled to a microscope, and validation
of sensor readout with images and video acquired from droplets generation. These enabled
measurements of droplet size, length, and volume, validating the sensor readout through videos
technique extraction. The Figure 5 presented the data extracted directly from videos synchronized
with IRSE sensor response simultaneously.

Employing the methodology of extracting the timestamp from images and videos acquired, and
then we multiplied by sensor length. With this approach we were able to estimate the droplet,
velocity, length, and volume. The Figure 7 has shown the droplet volume dependency with
volumetric flow rate. Note that it is possible to reduce the droplet size to less than the distance
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occupied by the sensor increasing the flow of aqueous colorant relative to the oil flow. In this case,
the impedance does not reach the peak value, it gets in the middle of the amplitude. Further, if two
or more droplets enter the sensor field, the measured value is relative to the average impedance over
the IRSE. Each droplet of aqueous colorant represents an increase in IRSE impedance because oil has
higher resistance than water, and higher dielectric constant, leading to higher capacitance.
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Figure 7. Droplet volume dependency on the volumetric flow rate.

The pulse length when capacitance is over 2.650 x102 pF determines the time that the droplet
was over the IRSE sensor working in a capacitor mode. On the other hand, while the base value is
kept when capacitance is about 2.610 x 102 pF, this determines the period in which the continuous
phase fluid is over IRSE. Taking in account the flow rate and the microchannel cross section, the
droplet absolute velocity, it can be calculated by the droplet-traveled distance in the microchannel
volume that can be taken from is the cross-sectional area of the microchannel and droplet length. We
observed that the flow rate imposed a proportional change in velocity and volume of the droplets, as
shown in Figure 7. In addition, it relates to the variables of interest such as signal changes, pulse
length when impedance is over 10.50 M() determines the time that the droplet was over the IRSE
sensor working in impedance mode, in other hand while the base value is kept when capacitance is
about 4.50M(), determines the period in which the continuous phase fluid is over IRSE. Finally, we
have presented a fully integrated microfluidics droplet-based system, applied for generation and
detection of nano volume range droplets with both impedance and capacitance responses.

It is essential to have additional components in lab-on-a-chip applications due to their complex
design and versatility, combining microelectrode sensors and microchannels. These sensors,
fabricated in cleanroom environment using precise microfabrication techniques, comprise closely
positioned concentric ring-shaped electrodes that allow for efficient handling and detection of
analytes, particularly charged species such as ions or biomolecules, in addition, to it providing and
sterile cheap suitable for biomedical applications. Due to a very small size and compatibility with
microfabrication methods, make it possible to integrate it into microfluidic devices for accurate on-
chip detection and analysis of analytes, in this case, we have demonstrated for droplets formation
and detection simultaneously. The precise control provided by microfabrication techniques ensures
creation of strong and confined electric fields in a small area between the concentric rings 10 um gap,
thus improving sensitivity and enabling dynamic manipulation of analytes within the microfluidic
environment. As a result, IRSE sensors are likely to play a crucial role in advancing lab-on-a-chip
technology by offering high sensitivity and specificity for various applications, from biomedical
diagnostics to environmental monitoring, highlighting their significance in analytical sciences.
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4. Conclusion

In this study, we presented the results of development of a novel IRSE (Interdigitated-Ring-
Shaped Electrodes) microfluidic device capable of generating and simultaneously characterizing
microdroplets with nanoliter volumes. By integrating electrical (capacitive and impedance) and
optical (droplet shape and size) characterizations, the system allows to have precise and fully
controllable and reproducible generation of droplets. Integration of various on-line characterization
technique along with enhanced sensitivity of electrical measurements due to a special design of
electrodes is a distinctive feature of the present design, resulting in greatly enhanced functionality of
the device.

We employed a Double T-junction shaped microchannel within a multiphase microfluidic
system to generate droplets of oil-in-water (o/w). The dispersive phase consisted of oil mixed with a
red dye colorant, while the DI water was used as a continuous phase. The real-time synchronization
of the sensor data with video recordings facilitated analyses, and validation of all acquired data. Our
findings consistently revealed impedance and capacitance variations corresponding to biphasic fluid
flowing over the sensor, with signal changes in terms of capacitance 35x102pF and impedance 6.0
MQ. We were able to make analyses of droplets length in the range 1.0-6.0 mm, velocity 0.66-2.51
mm/s, droplet volume 1.07nL-113.46nL.

The utilization of integrated real-time capacitance and impedance measurements holds
significant promise in microfluidic devices, particularly for precise control of valves and pumps to
achieve desired droplet sizes in biphasic mixtures. This methodology has a great potential for
numerous practical applications, including drug delivery and food encapsulation. Moreover, in the
dripping regime, the IRSE sensor allows for estimation of droplet velocity and volume, enhancing its
utility in microfluidic systems. The integration of real-time capacitance and impedance
measurements into microfluidic platforms offers enhanced control over droplet formation and flow
rates, with implications extending across, flow-chemistry, biopharmaceuticals, diagnostics, and
chemical synthesis. Furthermore, the IRSE sensor enables real-time monitoring and analysis of
droplet dynamics, providing invaluable insights into droplet behavior within microfluidic contexts.
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