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Tracking the movement of droplets in digital microfluidics is essential to improve its control stability
and obtain dynamic information for its applications such as point-of-care testing, environment moni-
toring and chemical synthesis. Herein, an intelligent, accurate and fast droplet tracking method based
on machine vision is developed for applications of digital microfluidics. To continuously recognize the
transparent droplets in real-time and avoid the interferes from background patterns or inhomogeneous
illumination, we introduced the correlation filter tracker, enabling online learning of the multi-features
of the droplets in Fourier domain. Results show the proposed droplet tracking method could accurately
locate the droplets. We also demonstrated the capacity of the proposed method for estimation of the
droplet velocity as faster as 20 mm/s, and its application in online monitoring the Griess reaction for
both colorimetric assay of nitrite and study of reaction kinetics.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Digital microfluidics (DMF) as a branch of lab-on-a-chip tech-
nology is increasingly growing popular due to its unique capability
for control of discrete fluids with high flexibility [1-3]. It could au-
tomatically manipulate pL- to mL-sized droplets to dispense, move,
merge and split [4,5] on the surface of an electrode array, which
has advantages of being miniaturized, programmable, parallelizable
and low power consumption [6-8]. By integrating DMF with ana-
lytical techniques, it can be utilized for a wide range of applica-
tions such as point-of-care testing [9-11], programmable chemical
synthesis [12] and single cell analysis [13-16]. In addition, as the
device of DMF do not require pump, valve and syringe for fluid
control, it is also an ideal tool for portable and automatic pre-
treatment of samples for single molecule techniques in aqueous
solution such as nanopore [17,18] and optical/magnetic tweezers
[19]. Generally, a control system of DMF is interfaced with the DMF
chip to execute the manipulation of the droplets by regulating the
applied voltage on the electrodes. However, in practice, the recon-
figuration of the applied voltage in a multi-step process may not
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be translated into droplet movement due to the charge inverting
effect [20] or unpredictable surface heterogeneity [21]. Hence, it is
important to develop efficient approaches for monitoring the state
and position of the droplets in the DMF system, which not only
increases the robustness of the droplet control, but also offers an
additional way to obtain the dynamic information of the droplets
[22-24].

Measuring the capacitance of each electrode has been devel-
oped to examine the existing of droplet and obtain its location by
using an impedance measuring system [25-28]. Image processing
is an alternative method for monitoring the droplets and realize
feedback control. Shin et al. introduced machine vision for local-
izing droplets by detecting edges and fitting circles in HSI colour
space [29]. Similarly, Vo et al. developed a background subtrac-
tion method for droplets recognition based on edge detection and
Hough circle detection (HCD) [30]. Willsey et al. proposed method
based on colour filter for searching the droplets in the acquired
image [31].

Although the image processing methods, in comparison with
the capacitance measurement, could obtain more detailed infor-
mation for the droplets such as size, shape and colour, their per-
formance may be unsatisfied due to the interferes in the image
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Fig. 1. Setup of the DMF platform with droplet tracking system. (a) Online monitor-
ing of the droplet on the DMF chip with a camera. (b) Setup of the DMF platform
integrated with a droplet tracking system. (c) Photograph of the DMF platform with
a size of 10.0 cm x 8.5 cm x 7.5 cm. (d) User interface of the DMF software with
online droplet tracking.

including the background patterns or inhomogeneous illumination
[30]. As far as we know, the existing image processing meth-
ods used for DMF are all based on object detection by searching
the droplets in the global space, such as colour filter, Hough cir-
cle detection and connected components detection. Furthermore,
their performances highly depend on the configuration of param-
eters for different conditions. Therefore, it is still necessary to de-
velop methods to prompt robust, accurate and fast recognition of
droplets for the digital microfluidics.

Object tracking algorithms are popular in the applications for
location and recognition with advantages of high performance and
efficiency. Among the tracking algorithms, the correlation filter
trackers (CFT) have been widely studied in recent years [32-35].
CFTs introduce the structure of the circular patch to expand sam-
ples and simplify calculation, which enable the tracking algorithms
to improve both speed and accuracy. In this study, we developed
an intelligent droplet tracking method for the DMF system based
on a correlation filter model, which is updated by online learn-
ing the features of the targets in each frame of the video stream.
The development of the proposed method made it possible to rec-
ognize both coloured and colourless droplets moving on the DMF
chip with high accuracy, and measuring their velocity in real time.
We also demonstrated the capability of the method for online
monitoring the colour changing of the droplets for the colorimetric
assay and study of reaction kinetics. Furthermore, the source code
of the developed method and the dataset are open to the public
[36]. We believe it will be a useful tool for enhancing the reliabil-
ity of the DMF system and promoting its applications that require
automatic control of droplets.

A custom-designed DMF system is used for the manipulation
of droplets (Fig. 1), which consists of the DMF chip, a minia-
ture digital camera (USB4KHDRO1, f = 3.24 mm, Rervision Tech-
nology, China), the control board and computer [37]. The digital
camera is vertically mounted above the DMF chip. As a compro-
mise between the accuracy and efficiency for droplet tracking, im-
ages with resolution of 800 x 600 are taken by the camera and
then transferred to the computer for further processing. DMF chips
were custom-designed and fabricated using standard printed cir-
cuit board techniques (FASTPCB Technology, China). The structure
of our DMF chip in a single-plate format is depicted with a de-
tailed cross-sectional schematic diagram as shown in Fig. 1b. Elec-
trodes on the chip were fabricated using the gold electrodeposi-
tion method. The pattern of the electrode array comprised 51 ac-
tuator electrodes (2.25 mm x 2.25 mm) and 6 reservoir electrodes
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(9.72 mm x 6.95 mm). To form a robust and ultrathin hydropho-
bic dielectric layer on the electrodes, a PTFE film (10 pm, Hongfu
Material, China) was carefully and tightly stuck onto the DMF chip.

As previously reported, the control board was used to execute
the movement of droplet, which consists of a high voltage gener-
ator, microcontroller and a high-voltage multiplexing chip (HV507,
Microchip Technology Inc., USA). Droplet actuation was achieved
by applying a DC voltage (300 V) to the electrodes configured
through the multiplexing chip.

The goal of the CFT is to learn a correlation filter based on ridge
regression, which can be employed to determine the position of
the droplet in search window (the testing patch). The position of
the droplet is corresponding to the maximum response of the cor-
relation filter. The ridge regression problem can be expressed by
(Eq. 1):

: 2 2
miny [|Xw —y[l; + A[w]3

(1)

where the vector w is the learned correlation filter, X is a data
matrix, y is the regression target and A is for control of overfitting.
Solving of the problem gives a closed-form solution (Eq. 2):

w = (XX + A1) Xy )

where I is an identity matrix. To expand the sample, the data ma-
trix X can be generated through cyclic shift of the raw image or
extracted features. Meanwhile, due to the special properties of the
circulant matrix X, the calculation including matrix multiplication
and inversion in Eq. 2 can be efficiently calculated in the Fourier
domain (Eq. 3) [34]:
X oy
_ 3
X0X + A (3)
where x can be either raw image patch or extracted features of the
search window, the symbol ~ represents the Fourier transform of a

vector, * means the complex conjugate, and ® denotes element-
wise multiplication (Eq. 4) [38].

r = ]—‘*1(2 ow)

W:

(4)

Subsequently, the filter w learned in the current frame is con-
volved with testing patch z (search window) in the next frame to
generate the response map according to Eq. 4. The location of the
maximum response is the target location [39].

The CFT-based droplet tracking method was integrated in our
custom-designed software called DropletFactory for the control of
our DMF platform. To identify droplets on the DMF chip, the de-
veloped method contains three stages: a) Pre-processing, b) initial-
ization of CFT and c) tracking.

Pre-processing: In this step, the tilt and distortion of the raw
image is corrected by perspective transformation, and the regions
of electrodes are recognized by adaptive threshold segmentation
and connected components detection for further locating the po-
sition of the droplet on the DMF chip, more details are shown in
part 1 of Supporting information.

Initialization of CFT: The position of the droplet in the first
frame is obtained by Hough circle detection, providing a training
patch for model initialization which is set to 3 times of the de-
tected droplet size. The process for detecting the initial position of
the droplet is shown in part 2 of Supporting information.

Tracking: The trained model of the CFT is used to predict po-
sition of the droplet in each frame. The workflow of droplet local-
ization based on tracking is shown in Fig. 2. In the first frame, the
initial position of the droplet is located by HCD, which provides an
image patch for model training. Subsequently, multiple visual fea-
tures can be extracted for better describe the input, and the cor-
relation filter is trained for initialization. In frame t (t > 2), the
testing patch is cropped according to the previous position, and
the new multi-features are extracted as current input. Afterwards,
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Fig. 2. Workflow of droplet positioning based on correlation filter tracker.

correlation between it and the learned filter is performed in fre-
quency domain. FFT and IFFT means fast Fourier transform and its
inverse transform, respectively. The response map as an output do-
nates the spatial confidence, whose peak estimates the new loca-
tion of droplet. Finally, multi-features at the predicted position is
extracted for training and updating the model. The pseudocode of
droplet tracking method is shown part 3 of Supporting informa-
tion.

To testify the performance of the droplet tracking method, we
collected videos of droplet movement on the DMF chip with dif-
ferent speed and colours to build a dataset called SingleDroplet
(part 4 of Supporting information). Each video has 1000 frames
with manually labelled bounding box of the droplets indicating the
target position. The movement speed of the droplets is adjusted
by using different control intervals (T) of the electrode array rang-
ing from 100 ms to 500 ms. Videos of coloured droplet (20 pL)
and colourless droplet (20 pL) were recorded, respectively. As each
frame in the video is corrected for tilt and distortion, the size of
each pixel is 0.05 mm.

Since the features used for the testing patch can highly affect
the results of recognition, we first examined the performance of
the droplet tracking method by using different features including
FHOG [34], ColorName (CN) [33], Gray [32] and RGB (raw data),
which are commonly applied in the CFT models. Mean location er-
ror and mean FPS (frame per second) were used to evaluate the
performance. The location error was defined as the Euclidean dis-
tance between location centre and the ground truth in the dataset.
A distance threshold of location error (half of the electrode width,
1125 mm) was introduced to check if the target was tracked or
lost. If the location error is larger than the threshold, it will be re-
garded as loss of target. Here, the colourless and coloured droplet
samples in the dataset with control interval of 100 ms were used
for tracking.

To demonstrate the capacity of the proposed method in prac-
tical use, all of the tests were carried out on a normal computer
(Windows 10, Intel Core CPU, i5-9300H, 2.4 GHz, 8 GB RAM). Re-
sults indicated the proposed droplet tracking method with features
except the FHOG performed well with quite low rate of target loss
(part 5 of Supporting information, Video S1 in Supporting informa-
tion). Compared with other features, the Gray feature is more ad-
vantageous in processing speed with mean FPS of 250 Hz. Though
the CN feature has a lower processing speed (135 Hz) due to the
high data dimension, it has relative low location error for both
colourless and coloured droplets. Owing to the flexible framework
of the CFT, we testified the multi-features configuration by com-
bining the Gray feature and CN feature. The accuracy for recogni-
tion of both coloured and colourless droplets was improved by us-
ing the multi-features configuration with an acceptable processing
speed (135 Hz), and the target loss only has a rate of 0.1% (Table S1
in Supporting information), which was occasionally occurred when
the droplet turned a corner. In addition, the droplets were recap-
tured in the next frame in all the cases of target loss.
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Table 1
Performances of the CFT-based method and object detection methods (HCD
and colour filter).

Methods Mean loss rate (%)  Mean error (mm)  Mean FPS
HCD 12.55 0.60 142
Colour filter* 4.70 0.35 303
CFT (Gray) 0.53 0.22 239
CFT (CN) 0.09 0.21 141
CFT (Gray + CN)  0.08 0.20 135

* Only coloured droplet can be processed by the method based on colour
filter.

The influence of the droplet speed on the recognition perfor-
mance was studied for the multi-feature configuration (Gray + CN)
by analysing samples with control interval ranging from 100 ms to
500 ms. The results are shown in Fig. S5 (Supporting information).
There is no significant difference of mean location error was ob-
served with decreasing of the droplet speed. Meanwhile, the mean
FPS for all the tests were higher than 135 Hz, which is applicable
for online usage. Therefore, the proposed multi-feature configura-
tion is suitable to be utilized for the droplet tracking.

To compare the performance, the proposed method with differ-
ent features (Gray, CN, Gray + CN) and two conventional methods
based on object detection (Hough circle detection [30] and colour
filter [31]) were used to process the videos in the dataset. The
proposed method with feature of Gray + CN achieved the low-
est mean loss rate of 0.08% and the minimum error (0.20 mm) for
processing of coloured or colourless droplets (Table 1). Though the
method based on colour filter has the fastest processing speed, it
is not able to recognize colourless droplets, and its mean loss rate
(4.70%) and mean error (0.35 mm) are both higher than the pro-
posed method. The method based on Hough circle detection can be
used for both coloured and colourless droplet, but it has a relative
high rate of loss (12.55%). It is also notable that the results of both
the object detection algorithms are strongly dependent on the con-
figurations of the parameters, such as colour range, radius range of
detected circle. The failures of droplet location in the two conven-
tional methods is mainly caused by the image noise and light vari-
ations. In contrast, the proposed method does not need to adjust
any parameters due to the self-training ability. The processing time
for each frame by the CFT-based method is within 8 ms, which
is enough to meet real-time requirements. Therefore, the tracking
method based on CFT is promising in various DMF applications.

The droplet tracking method based on feature of Gray + CN was
used for monitoring the velocity of both coloured and colourless
droplets. The velocity was calculated by measuring the displace-
ment of droplet every 25 frames based on the proposed method.
Due to the discrete nature of digital microfluidics, which actuates
the droplets by activating the electrodes in sequence, the lateral
force applied on the droplets is not constant. By using the tracking
method, the fluctuation of droplet velocity was quantified (Fig. 3a).
A good linearity was obtained between the mean velocity and the
control frequency (1/T) for both coloured and colourless droplets
(Figs. 3b and c), suggesting that the tracking method could be used
to measure the velocity of droplets.

One of the most common problem in digital microfluidics is the
failure of droplet control due to its incorrect position (the edge of
droplet did not overlap on the next electrode) [6]. Although im-
provements of materials and fabrication technique for DMF chip
could decrease the occurrence of the problems, feedback system
is still necessary to ensure the control stability. Different from the
feedback system for adjusting the driving voltages, the proposed
CFT-based feedback system is developed based on a self-correcting
process for adjusting the droplet position by using a back and for-
ward approach. The implementation of the feedback control was
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Fig. 3. Monitoring of droplet velocity by the CFT-based method with multi-features
(Gray + CN). (a) Fluctuation of the velocity of the droplet (colourless) with con-
trol frequency of 2 Hz (Green), 2.5 Hz (Red), 3.3 Hz (purple), 5 Hz (Yellow) and
10 Hz (Blue). Calibration curves of velocity versus activation frequency of colourless
droplet (b) and coloured droplet (c), respectively.
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Fig. 4. Quantification of nitrite concentration based on the developed CF tracker
for DME. (a) Route of droplet to execute the colorimetric assay based on the Griess
method. (b) The colour development of the Griess reaction with droplets of nitrite
concentration (0, 30, 50, 100, 150, 200, 250, 300, 400 pg/L) in 10 min. (c) Dynamic
change of the droplet saturation corresponding to the droplets in (b) with an in-
terval of 5 s. (d) Calibration curves of the droplet saturation versus nitrite concen-
tration. Each data point is the mean of three measurements and error bars show
standard deviation.

described by the finite state machine to process the droplet move-
ment including the conditions of initialization, running, fault and
recovery (part 6 of the Supporting information). As testified in
experiment of droplet with size of 15 pL on the one-plate DMF
chip, the proposed feedback system could successfully recover the
movement of droplets from incorrect position (Video S2 in Sup-
porting information). Furthermore, the proposed feedback system
was also used for parallel control of multiple droplets, which is im-
plemented by instantiating the CF trackers for each droplet (Video
S3 in Supporting information).

As an example of the principles, the proposed droplet tracking
method is applied for monitoring the Griess reaction performed
on the DMF platform (Fig. 4a). Griess reaction is widely used for
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Fig. 5. Rate constants (blue bar) estimated by the fitting method for nitrite con-
centration ranging from 30 pg/L to 400 ug/L and the corresponding R? of the fitting
(red dashed line). Each data point is the mean of three measurements and error
bars show standard deviation.

the detection of nitrite in foods and water, relying on the for-
mation of an Azo dye with the reaction of sulfanilic acid and N-
(1-naphthyl)ethylenediamine dihydrochloride. The detailed exper-
iment and data processing of the DMF based Griess reaction is
demonstrated in part 7 of the Supporting information. Owing to
the advance of the online learning for the features of the tar-
get droplet, the proposed method is able to recognize the moving
droplets in the images acquired by the camera, even the colour of
the droplets gradually changed during the reaction (Fig. 4b, Video
S4 in Supporting information), which can be hardly realized by us-
ing a colour filtering method. In addition, we developed a pixel
filtering method to extract the pixels from the recognized droplet
whose colour were different from the pixels in the droplets before
reaction. Based on the extracted pixels, the saturation of droplet
(S4) was calculated by Sq = Se/Ny4, where Se is the sum of the sat-
uration of extracted pixels, and Ny is the total number of pixels in
the recognized droplet. As the pixel filtering method excludes the
background elements, the influence of background patterns could
be highly eliminated. As shown in Fig. 4c, with the increasing of
reaction time, the droplet saturation gradually increased from zero
to a plateau. The final saturation of a reaction is defined by aver-
aging the droplet saturation in the last 10 s. The calibration curves
of the final saturation versus nitrite concentration was established
with a satisfied linearity (Fig. 4d, R? = 0.9939), which suggests that
the method can be applied to quantify the nitrite concentration
of the samples. Moreover, the LOD was found to be approximately
20 pg/L for nitrite concentration, which is low enough for most
applications in the field such as environmental sensing and food
safety. Since our method focuses on monitoring the reaction in a
moving droplet, the colour information is acquired from a camera
with limited resolution for each RGB channel (8-bit), the LOD can
also be further improved by integrating a photodiode or photomul-
tiplier tube as auxiliary sensors.

The Griess reaction is a consecutive first-order reaction with
two steps. Its kinetics can be simplified to a first-order reaction
[40] described by a rate constant (k) as dCp/dt = kCy, where Cp,
Cn are the concentration of the product and nitrite, respectively.
Then, Cp is given by Cp = Cyo(1-e~¥!). The reaction kinetics can be
studied based on the curves of droplet saturation by fitting to the
equation. By this mean, we obtained the k of Griess reaction with
different nitrite concentration (30-400 pg/L) for the droplet-based
reactions. As a result, the fitted rate constants were close to each
other (~7.00 x 10~3 s—1) for droplets with nitrite concentration of
no less than 100 pg/L (Fig. 5). In addition, the saturation curves
were well fitted to the equation (R? > 0.98), which supported that
the trends of the droplet saturation were consistent with the ki-
netics of the reaction. On the other hand, the fitted rate constants
were decreased to 5.22 x 1073 s=! and 6.02 x 10-3 s~! in the
droplets with a lower concentration of 30 pg/L and 50 pg/L. Since
the rate constant is theoretically independent of the concentration
in the Griess reaction, the decrease of the rate constant could be
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induced by the low signal-to-noise rate and response delay of the
saturation curve, as the product concentration in the early part
of the reaction is below the LOD. The fitting performances sup-
ported this hypothesis as the R? obviously decreased when the ni-
trite concentration in droplets was lower than 100 pg/L. Therefore,
it is suggested that the rate constant in the droplet with concen-
tration higher than 5-fold of the LOD could be evaluated by using
the proposed method.

This model experiment demonstrated the advantages of the
proposed droplet tracking method for monitoring the reaction
state in a moving droplet on the DMF chip for both colorimet-
ric assay and kinetic study. In the further, it also could be used
in reactions without colour development by using other imag-
ing techniques such as infrared imaging [41], fluorescence imaging
[42] and chemiluminescence imaging [43].

In summary, we developed a droplet tracking method for au-
tomatically recognition and feedback control of the droplets on a
DMF chip, which has higher precision than conventional methods
based on object detection. A standard dataset containing samples
for different colour and velocity of droplets is established to testify
the performance of the proposed method. Both the source code
and the dataset are open to the public [36]. The results showed
that the proposed method by using feature of Gray + CN could lo-
cate both coloured and colourless droplets for 99.92% frames at a
high speed (< 8 ms), with location error as low as 0.2 mm, and
the developed system can be used for parallel control of multi-
ple droplets. We also demonstrate the capability of the proposed
method to obtain dynamic information of a reaction in a DMF plat-
form. With an experimental model based on Griess reaction, it has
been used for both colorimetric assay of nitrite and study of re-
action kinetics. We believe the propose method is promising for a
broad range of applications including point-of-care testing, sample
pre-treatment, cell culture [44,45] and chemical synthesis in mi-
crofluidics [46] .
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