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Abstract: Digital microfluidics is a novel technique for manipulating discrete droplets with the
advantages of programmability, small device size, low cost, and easy integration. The development
of droplet sensing methods advances the automation control of digital microfluidics. Impedance
measurement emerges as a promising technique for droplet localization and characterization due
to its non-invasive nature, high sensitivity, simplicity, and cost-effectiveness. However, traditional
impedance measurement approaches in digital microfluidics based on the high-voltage actuating
signal are limited in sensing accuracy in practical applications. In this paper, we propose a novel
droplet impedance sensing system for digital microfluidics by introducing a low-voltage and address-
able measurement circuit, which enables impedance measurement over a wide frequency range. The
proposed measurement system has also been used for detecting the droplet composition, size, and
position in a digital microfluidic chip. The improved impedance sensing method can also promote
the applications of the digital microfluidic, which requires high accuracy, real-time, and contactless
sensing with automatic sample pretreatment.

Keywords: digital microfluidics; impedance measurement; high frequency; addressable; online detection

1. Introduction

Digital microfluidics (DMF) is a state-of-the-art fluidic manipulation technique based
on electrode arrays, enabling precise control of discrete droplets. It allows manipulating
droplets from nanoliter to microliter volumes [1], which has enabled extensive applications
in chemistry, biology, and medicine due to its advantages, such as miniaturization, low
sample consumption, high efficiency, easy integration, and automation [2]. The DMF chips
can function as microreactors for conducting chemical synthesis reactions [3-5]. It has
also been developed for biological analysis such as immunoassays [6,7], cell culture [8-11],
nucleic acid detection [12-16], and protein analysis [17-20]. Therefore, it has been widely
used in the fields of point-of-care testing [21,22], drug screening [23,24], newborn disease
screening [25], and clinical diagnosis [22,26]. It is essential to develop a droplet sensing
method that enables feedback of the droplet states for fault diagnosis to enhance the control
stability of the DMF. Moreover, accessing the physical and chemical properties of droplets
can further promote the development of online sensing techniques for DMFs.

Optical imaging and impedance sensing methods are promising to obtain information
about droplet position and their physical/chemical properties. Optical imaging using a
digital camera is widely applied to detect the states of droplets manipulated on the DMF. It
requires an additional optical system and high computing capacity for data processing. In
addition, it can hardly provide direct information on the composition of the droplet from the
image. As an alternative approach, the impedance-based methods are simple and require
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fewer additional elements in the hardware, which has also been widely used for fully
automated droplet control [27]. Based on the impedance information, a droplet position
can be obtained by measuring differences in individual electrodes [28,29]. Moreover,
impedance-based droplet position can be used to diagnose the electrodes [27,29] and to
measure the droplet velocity [30,31].

When conducting long-term experiments or chemical reactions on digital DMF chips,
real-time monitoring of droplet volume is essential for ensuring the execution of the droplet
manipulation, to avoid the negative impact caused by solution evaporation [32,33]. To
address the negative impact, Perry et al. [34]. developed a DMF system that integrates an
impedance-based adaptive closed-loop water replenishment system with a temperature
control system. The system enables the detection of droplet volume and compensates
for any evaporated droplet volume, thereby maintaining a consistent assembly reaction
concentration during DNA assembly reactions.

Detecting the composition of the droplets on a DMF chip plays a crucial role in
distinguishing different solution droplets. This capability enables manipulating, detecting,
and analyzing experimental samples in the electrochemical field on DMF chips [35,36].
Using the impedance-measurement-based method, it is possible to distinguish droplets of
different concentration solutions [37]. This offers the potential for the automatic dilution of
standard solutions.

As reported, the droplet impedance measurement on DMF chips is typically conducted
by applying the high-voltage actuating signal on the target electrode as an excitation
signal [27-29,34]. Another electrode of the DMF chip serves to detect the response signal.
However, due to the high-voltage of the excitation signals, it is challenging to increase
the frequency of the excitation signal, which is typically limited to lower than 1 kHz.
Consequently, it is hard to achieve droplet impedance measurement at high frequencies.
Additionally, the high-voltage AC signal from the booster circuit always contains high
noise, leading to low accuracy and poor repeatability in impedance measurement. Due to
the low thickness of the dielectric layer in the DMF chip, the high-voltage signal can highly
impact the material of the DMF chip, posing a risk of damage to both the DMF chip and
the circuit. Furthermore, since the detection circuit relies on resistive voltage division, the
circuit itself can introduce signal distortion and exhibit a low input impedance, leading to
significant impedance measurement errors.

The conventional DMF droplet impedance measurement and the circuit system face
challenges in achieving high-accuracy results and issues from the practical applications.
The traditional DMF droplet impedance measurement method is primarily suitable for
applications with qualitative purposes and low sensitivity requirements, such as droplet
positioning. However, it does not meet the accuracy required for quantitative analysis of
droplet physical and chemical properties.

Here, we present a novel impedance measurement system for droplet analysis in DMF
by introducing an addressable droplet impedance measurement circuit. The system enables
the use of alow AC signal for impedance measurement over a wide frequency range (10 kHz
to 60 kHz). Additionally, automatic calibration and real-time data analysis methods are
introduced for establishing a highly sensitive detection approach for determining droplet
composition, size, and positioning on DMF chips.

2. Materials and Methods
2.1. Detection of Droplet Impedance

A novel configuration of the DMF system is proposed to avoid using a high AC signal
as the excitation signal for impedance measurement for high frequency and addressable
droplet impedance sensing, as shown in Figure 1. An addressable droplet impedance
measurement circuit is designed, where the top plate of the DMF chip is used as the sensing
electrode for both the AC signal supply and the response signal detection with a trans-
impedance amplifier (TIA). The actuating electrode corresponding to the detection region
is grounded during impedance measurement. The excitation signal is a programmable low
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AC signal with adjustable frequency, while the response signal is demodulated to obtain
the impedance of the droplet over a wide frequency range. Automatic calibration and
real-time data analysis methods are executed to inform the droplet composition, size, and
positioning on the DMF chip.
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Figure 1. Schematic diagram of the proposed digital microfluidics droplet impedance measurement
method in this paper.

2.2. Equivalent Circuit Model

The circuit of the electrowetting-on-dielectric (EWOD)-based DMF can be described as
a combination of capacitive components [38]. Therefore, the equivalent circuit model of the
single electrode on the DMF chip can be established, as shown in Figure 2. The equivalent
circuit model of the DMF is a network of resistance and capacitance, in which the droplet
can be modeled as a parallel circuit of resistance and capacitance. The air and hydrophobic
layer are equated to a capacitive component. On a DMF chip, the gap between the top and
bottom plate is much smaller than the electrode size. Each equivalent capacitance can be
considered as a parallel plate capacitance. The droplet can be approximated as a cylinder.

[ hydrophobic layer V.77 frd substrate
[ dielectric layer [ ] ITOglass
[ ] actuating electrode

_________________________

Figure 2. Equivalent circuit model of the DMF system. Z,,, is the equivalent impedance of the
droplet on the hydrophobic layer (Cy;4, Cypa)- Zgir is the equivalent impedance of the air, where the
hydrophobic layer (Cy,, Cpp,) is not in contact with the droplet.

For the gap distance d and the electrode area A, the equivalent resistance and equiva-
lent capacitance are as follows:

“ AT M
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where p is the resistivity, and ¢ is the dielectric constant.
The equivalent impedance of the electrode with a droplet can be described as follows:

Cdrop

Z =Zs+7Z Zivd = ,
drop d T Lntd T Lhbd Acirop

(2)

where x,,,, represents the ratio of the overlapped area of the droplet and a certain electrode
to the area of the electrode.
The equivalent impedance of the part without a droplet is as follows:

Co:
Zair = Za+ Zpta + Znpa = — . 3)
Ae (1 - xdrop)

The total impedance is as follows:

1 1
Yior = 57— = ———— x| (cair = Carop ) V. A, 4
tot Ziot Cdropcaird X |\ Cair — Cdrop ) Vdrop JFCdrop e 4)

where Vj,op = x OpAed is the volume of the droplet. As the frequency of the excitation

dr
signal in impedance sensing has a certain value, w, Cdrops and c,;, are regarded as constants.

Therefore, there is a linear relationship between the reciprocal of the impedance value, the
electrode area, and the droplet volume.

2.3. Design and Fabrication of DMF Chip

The DMF chip consists of two plates: the bottom layer is made of a printed circuit board
(JLCPCB, Shenzhen, China), which contains 19 actuation electrodes (2.25 mm x 2.25 mm,
with a zigzag edge), two reservoir electrodes (9.72 mm X 6.95 mm), and a common electrode
with gold plating technology. A 10 um-thick polytetrafluoroethylene (PTFE) film (Hongfu
Material, Dongguan, China) was attached to the top of the electrodes as a dielectric layer
and a superhydrophobic layer. The top plate was an indium tin oxide (ITO) glass with a
thickness of 1.1 mm and a square resistance of approximately 8 (3. A Cytop film (CTX-
809SP2, AGC Inc., Tokyo, Japan) was spin-coated on the ITO glass to act as a hydrophobic
layer for the top plate. A conducting tap was soldered onto the bottom electrode to maintain
the space (~1.6 mm) between the two plates. All the electrodes were led out using pin
headers in order to connect with external devices.

2.4. Design of the DMF System

As shown in Figure 3a, a custom-designed DMF system was applied to manipulate
droplets and conduct impedance measurements. The system comprised an electronic
control board and an impedance measurement circuit. The electronic control board had a
charge pump circuit capable of generating high-voltage ranging from 60-300 V. It enabled
the switching of actuation electrodes between high-voltage ground and floating states
and the switching of the top plate between ground and excitation states for impedance
measurement using an optocoupler switch circuit.

The impedance measuring is realized based on a measurement circuit and a calibration
circuit. The impedance measuring was implemented using an integrated net analyzer
(AD5933, Analog Devices Inc., Dallas, TX, USA), which applied excitation signals to the top
plate and measured the response signals on the corresponding electrode. The calibration
circuit was a multiplexer (ADG708, Analog Device Inc., Dallas, TX, USA), which could
switch the input and output between the measuring system and standard resistors.
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Figure 3. The principle and process of droplet impedance measurement. (a) Schematic diagram
of impedance measurement for a single droplet on a DMF chip; (b) System physical diagram;
(c) Impedance measurement process flowchart.

2.5. Measurement of Droplet Impedance

The setup for impedance measurement is shown in Figure 3c. First, the system is
initialized, and the impedance measurement parameters are set, including the settings of
the amplitude, frequency, and number of excitation detections. Secondly, set the selection
of standard resistors for calibration according to the approximate range of impedance to be
measured and the calculation of the system gain coefficient G:

1

G= )
(Ac = Ag) X R

)
where Aj is the amplitude of the AC excitation signal, and A, is the amplitude of the
measured signal with the calibration resistor R.. Since the system gain coefficient G will be
affected by the excitation signal, calibration should be performed again when the excitation
signal changes. The standard resistor used for calibration is as close as possible to the range
of impedance to be measured to minimize detection errors. After calibration, set the target
electrode to be grounded for impedance measurement, set the rest of the electrodes to float,
and perform droplet impedance measurement with the set parameters. After detecting all
the electrodes on the DMF chip, the data will be sent to the PC for processing and analysis,
which includes impedance calculation 1 Z1:

1

121 =% (A — Ag)

(6)

In Equation (6), A;; is the amplitude of the impedance response signal to be measured.

2.6. Circuit Simulation

LTspice (Analog Device Inc., Wilmington, MA, USA) was used to perform the simula-
tion of impedance sensing. A series of droplets with different volumes were simulated and
compared with the measurement results of actual experiments to verify the reasonableness
of the structural parameter settings of the equivalent circuit model. The simulation circuit
is constructed based on the equivalent circuit model of the digital microfluidic system and
the measurement circuit (Figure 4). Parameters in the model of the DMF chip (Table 1)
are listed in Table 1. During simulation, a set of sinusoidal signals with biased voltage
were generated as excitation signals by a voltage source. Water droplets were selected as
the object of simulation, and a series of droplets with a droplet volume ratio (the ratio of
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droplet volume to the volume between a single electrode and the upper pole plate on the
DMF chip) ranging from 0.1 to 0.8 were selected for the experiments. A 10 kHz sinusoidal
signal with an amplitude of 2.0 V and a DC bias of 1.48 V is used as the excitation signal,
and the waveforms of the excitation and response signals were recorded and analyzed.
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Figure 4. The simulation model of the impedance measurement circuit. (a) excitation signal ad-
justment circuit; (b) DC bias voltage generation circuit; (c) equivalent circuit model of the digital
microfluidic system; (d) analog front circuit for impedance measurement.

Table 1. Electrical and geometric parameters used in equivalent circuit model simulations and
real-world experiments.

Material Relative Permittivity &, Resistivity p ({2-m) Thickness d
Air 1.0 2.0 x 10% 1.6 mm
Water 80.1 1.8 x 10° 1.6 mm
Top hydrophobic (Cy-top) 2.0 1.0 x 10 0.15 um *
Bottom hydrophobic (Teflon) 2.1 1.0 x 1016 10 pm

* The thickness of the hydrophobic layer of the upper pole plate is estimated based on the Cytop spin coating
thickness curve and spin coating parameters.

3. Results and Discussion
3.1. Validation of the Impedance Model

The circuit simulation and droplet impedance measurement were conducted to vali-
date the proposed impedance model for the DMF chip with droplets. To make the results
between the simulation and the experiment comparable, a linear function normalization
(Min-Max Scaling) method is adopted to map the data to a range between 0 and 1. The
droplet proportion x4, was defined as the ratio of the droplet volume Vj;,,, to the individ-
ual electrode volume A.d.

Vi
Xdrop = An;; @)
e

where A, is the individual electrode area, and d is the gap distance.

As shown in Figure 5, the simulated data were well fit to the experimental data,
which supports that the circuit model for the DMF chip with droplets is reasonable. In
other words, the equivalent circuit model can serve as a theoretical reference for droplet
impedance measurement. Meanwhile, it also reveals that factors such as the curvature
of the droplets and wire impedance have limited influence on the measurement result. It
suggests that our proposed impedance sensing method based on excitation signals with
low voltage and high frequency is suitable for the measurement of droplet impedance.
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Figure 5. (a) The equivalent circuit model of the droplet in a DMF chip. (b) Normalized results of the
simulation and experiment with different droplet proportions (1 = 5).

3.2. Droplet Positioning

Testifying the accuracy of the impedance measurement for droplet positioning, a
droplet (20 uL, de-ionized water) was loaded into a 3 x 3 DMF electrode array. As shown
in Figure 6, the droplets were manipulated to move to different locations on the electrode
array, which can be classified into two conditions according to the droplet center: 1. on the
center of an electrode (Figure 6a) and 2. at the gap between two electrodes (Figure 6b,c). An
impedance scanning process was executed by switching the electrodes to ground one by one
and recording the corresponding impedance value using custom-designed software. The
reciprocal of the impedance was calculated and normalized (Norm (1/1Z1)) to visualize
the impedance information of the electrode array. The obtained impedance results were
then imported into MATLAB(R2023b) for further processing. According to the 3D image of
the impedance data, as shown in Figure 6a, it is obvious that a high Norm (1/1Z1) was
obtained when the droplet overlapped with the corresponding electrode. In this study,
we employ three methods to determine the droplet position: thresholding, support vector
machine (SVM) classification, and thresholding after data normalization. The accuracy of
these three methods is compared, and the method with the highest accuracy was selected
for droplet position recognition.

The thresholding method involves selecting a suitable value based on the difference
between the impedance of the electrodes with/without a droplet. When the impedance
measured on a certain electrode was higher than the threshold value, it is considered that a
droplet was on that electrode, otherwise, no droplet was on that electrode. The SVM was
a classic method for coordinate classification. Here, it was used to classify and recognize
the condition of the droplets based on a test set of 100 samples. During position, the
trained SVM model was used to verify if the droplet was located on the electrode. Then
the position of the droplets was further estimated according to the classification result of
each electrode in the array. The method of thresholding after data normalization involves
linearly normalizing the impedance data and mapping it to the range between 0 and 1. To
evaluate the three methods, samples with different droplet conditions were acquired. For
each sample, the impedance of each electrode in the array (3 x 3) was first used to verify
the presence of a droplet on the electrode. Then the droplet condition can be informed
based on the states of the electrode array. As a result, the method of thresholding after
data normalization achieved the highest accuracy of 93.75% (Figure 6d). The accuracy
of SVM and the threshold method were lower than 60%. The low accuracy of the two
methods may result from the fluctuation of the absolute value of the impedance as the
droplet may have different overlapped areas with the electrodes even at the same condition.
When the droplet is located in the center of the target electrode with few overlapped areas
on the neighbor electrodes, it appears to have a high impedance on the target electrode
and a low impedance on the neighbor electrodes. In practice, the droplet position could
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be biased from the electrode center, resulting in an increase in the overlapped area on
neighboring electrodes and affecting the impedance. Although the threshold method is
fast and easy to realize, it is hard to find a fixed threshold suitable for droplet position
in each measurement. For the SVM, it requires learning from prior data. In addition,
the fluctuation of the range of impedance value also makes it hard to classify the state of
each electrode. The normalized method makes the impedance value comparable between
different measurements, as shown in Figure 6a—c for different droplet positions.

1
0.5
0
d 100%
93.75%
__ 80%-
=
>
2 60%
3 60.00%
g 51.25%
40%
20%

Normalized
threshold SVM thtashald
Figure 6. Results of the droplet localization experiments. (a) is the impedance of the electrode array
when the droplet center is located in the center of an electrode; (b,c) are the impedance of the electrode
array when the droplet center is located at the edge of two electrodes; (d) is the accuracy of the three
methods for droplet positioning.

3.3. Detection of Droplet Volume

According to the equivalent circuit model, there is a positive linear relationship be-
tween the volume of droplets and the reciprocal of impedance Y. In order to verify this in
practice, droplets of NaCl solution (1 mol/L) with volume ratios in the range of 0 to 0.8 were
used for impedance detection. The amplitude of the excitation signal was set to 0.4 V with
frequency ranging from 10 kHz to 60 kHz at a step of 10 kHz. After the impedance mea-
surement of the droplet with different volumes, curve fitting was performed to verify the
linearity of the droplet volume and the impedance. As a result, the Y}, has a good linearity
with the droplet volume ratio (Figure 7). All the R? values of the linear fitting at different
frequencies were higher than 0.99. It also reveals that the slope of the linear regression
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increases with increasing frequency of the excitation signal. Therefore, it suggests that the
sensitivity of impedance detection for digital microfluidics can be enhanced by increasing
the frequency of the excitation signal.
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Figure 7. Droplet volume measurement results of 1 mol/L NaCl solution. (a—f) represent plots of the
volume ratio of droplet and impedance reciprocal in different frequencies (10 kHz, 20 kHz, 30 kHz,
40 kHz, 50 kHz, and 60 kHz) (n = 5).

3.4. Detection of Droplet Composition

As the dielectric constants and resistivities of a droplet depend on its compositions,
it is theoretically possible to distinguish droplets with different compositions by their
impedance. Here, droplets of de-ionized (DI) water and gold nanoparticles (AuNP) were
introduced to evaluate the capacity of the proposed method for composition analysis. Each
experiment consisted of measurements of 8 droplets with different volumes. The excitation
signal was set to an amplitude of 0.4 V with frequency ranging from 10 kHz to 60 kHz.

As shown in Figure 8, the impedance with droplets of DI water and AuNP (gold
nanoparticles) from five repeated experiments was acquired. The relationship between
droplet volume and the Y}, exhibited a consistent positive linear relationship. However,
at the same frequency, the slopes of the linear regression were different for droplets with
different compositions. As shown in Figure 8, within the frequency range of 10 kHz
to 60 kHz, the impedance of droplets from DI water and AuNP solutions could not be
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effectively differentiated at 20 kHz. However, at 60 kHz, the impedance of droplets
from DI water and AuNP solutions exhibited the most distinct differences, indicating
that a specific frequency is required for optimal discrimination of a particular solution.
Therefore, it suggested that droplets with different composition can be distinguished based
on impedance measurement with a suitable frequency of the excitation signal.
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Figure 8. Impedance measurement of droplets with DI water and AuNP at different volumes.
(a—f) represent plots of the volume ratio of droplet and impedance reciprocal in different frequencies
of AuNP and DI water (10 kHz, 20 kHz, 30 kHz, 40 kHz, 50 kHz, and 60 kHz) (n = 5).

3.5. Detection of Salt Concentration

The system was further used to measure the impedance of droplets with different NaCl
concentrations ranging from 1 pmol/L to 10° pmol/L. In the experiment, droplets with a
volume of 20 pL were added to the DMF chip and moved to the center of the same electrode.
The amplitude of the excitation signal was 400 mV, and the impedance was measured at
frequencies of 10 kHz and 20 kHz. Each condition in the experiment was repeated five
times. As a result, the droplet impedance rises with the increase of the salt concentration
(Figure 9). The change of the impedance was significant at the concentration range from
1 umol/L to 10% umol /L, while the change of impedance reached a plateau when the salt
concentrations were higher than 10* umol/L. This could be due to the detection limit of
the impedance. With the increase of the salt concentration, the capacitance of the droplet
increases, but the resistance of the droplet decreases. The impedance of the droplet depends
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on its capacitance and resistance. Therefore, after a certain concentration, the change of
the impedance caused by the concentration increase becomes not obvious compared with
the impedance of the whole system. The experimental results indicate that within a
certain concentration range, the proposed impedance sensing can be used to determine
the salt concentrations. Although the impedance is not linear to the NaCl concentration,
the NaCl concentration can still be discriminated based on the impedance even between
the low concentration range (1-10 umol/L). In addition, the impedance response to the
concentration varies with the frequency, which will provide more information using multi-
frequency detection. Therefore, the proposed method can be further developed for rapid
qualitative and semi-quantitative analysis of droplet composition based on a nonlinear
calibration method such as look-up table or supervised machine learning.

az210 b1.10
= =10 kHz = =20 kHz
2.00 1.08 —
. [ [ [}
60 ¥ 1.06 ;
g a , & i
< i < 1.04 -
§180— =
= \N_/1.02—
N
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Concentration of NaCl (umol/L) Concentration of NaCl (umol/L)

Figure 9. Impedance measurement of droplets with different salt concentrations at frequencies of
10 kHz (a) and 20 kHz (b) (1 = 5).

4. Conclusions

This paper proposes a novel DMF impedance-based droplet analysis method by
constructing an addressable droplet impedance measurement system with a low voltage
of excitation signals. The proposed system enables impedance measurement over a wide
frequency range. An equivalent circuit model was established for digital microfluidics
chips and validates the rationality of the model structure and parameter settings through
simulations, thereby providing a theoretical basis for impedance formulas derived from
the equivalent circuit model for droplet impedance measurement. Based on the proposed
impedance measurement method, a custom-designed DMF system was developed, and
a series of droplet impedance measurement experiments were conducted to demonstrate
its ability to detect droplet position, size, composition, and salt concentration. It can be
widely used in application of digital microfluidics that require feedback droplet control,
contactless sensing, and small device size.
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