Optics and Lasers in Engineering 151 (2022) 106875

Contents lists available at ScienceDirect :
OPTICS and LASERS

in ENGINEERING

Optics and Lasers in Engineering

journal homepage: www.elsevier.com/locate/optlaseng

A single pixel tracking system for microfluidic device monitoring without R

Check for

image processing S

Mingyang Ni, Huaxia Deng*, Xiaokang He, Yan Li, Xinglong Gong*

CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics, University of Science and Technology of China, Hefei, Anhui
230027, China

ARTICLE INFO ABSTRACT

Keywords:

Image-free tracking
Single-pixel detection
Long-term

Real-time

Microfluidic device monitoring

Currently image-based optical measurement methods are the main approaches for detecting and tracking the
movements of droplets or particles in microfluidic devices. However, the massive image data throughput and
high computational consumption of image processing have become challenges to achieve real-time and long-
term monitoring. Here a single-pixel tracking system is proposed to monitor the microfluidic device on the basis
of single-pixel imaging and microscope technology without image reconstruction. The experimental results of
tracking droplet in microfluidic device demonstrate that the proposed system have unique potential advantages in
dynamic tracking for microfluidic devices. The data throughput of the proposed method is 1/792 of image-based
methods and can reach an equivalent frame rate of 312.5 Hz with a low computational consumption of 89.3 us
per frame. The proposed image-free tracking method provides a welcomed boost to the further development
of microfluidic device monitoring and indicates a potential way to real-time and long-term monitoring without

image processing.

1. Introduction

Microfluidics devices, using channels from tens to hundreds of mi-
crometers, are the systems that process or manipulate small amounts of
fluidics (10~ to 10~!8 L) [1,2]. In order to monitor the working con-
dition of microfluidics device, a lot of methods have been developed
to measure the velocity field, pressure, flow rate, and particle trajec-
tory [3,4]. Limited by the scale, traditional contact measurement, such
as pressure gauge, fails to monitor microfluidics device for their po-
tential impact on the flow field in microchannels. While image-based
dynamic measurement approaches, based on image acquisition and pro-
cessing, become the most popular sort because of non-contact measure-
ment characteristics and rapid development of high-speed photography.
However, the processing of massive amount of image data becomes chal-
lenge to achieve real-time and long-term monitoring for microfluidic
device.

The earliest dynamic flow measurement is proposed in the Osborne
Reynolds’ pipe flow experiment [5], which utilized coloring agent to
visualize the flow field and obtain the flow rate and manifold of the
flow field by photography. With the advent of microscope, Reynolds’
method was developed into an bright field observation method, by
which movement of water head or colored fluid inside of microchannel
can be observed and measured [6]. Latterly, Particle image velocime-
try (PIV) method emerged as a whole-field, non-intrusive measurement
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technique where the fluid velocity is measured by recording the move-
ment of tracer particles in the flow. Owing to the scale of the flow field
in microchannels, it is impossible to use conventional PIV systems to
obtain two orthogonal planes for optical access to the flow field. Sub-
sequently, micro-PIV method [7,8] is developed by a volume illumi-
nation technique where the light source and the view field are induced
through optic components. With this approach, the focal plane is moved
down through the flow field to map the entire volume. The trace par-
ticles are assumed to have the same density as the surrounding fluid
and neglectable influence for the flow. With help of high-speed camera,
a modern commercial micro-PIV system can operate at high frame rate
up to 10,000 Hz [9]. For different applications, micro-PIV with different
light sources and scanning imaging systems have been developed, such
as confocal laser scanning microscopy (CLSM) [4] and X-ray microimag-
ing [10,11]. The spatial resolution can be improved accordingly but the
frame rate becomes much lower, usually under 120 Hz, owing to the
natively low efficiency of scanning imaging system. Molecular tagging
velocimetry (MTV) [12] employs tag molecules instead of tracer parti-
cles and uses light of specific frequency to illuminate the tag molecules
for imaging. MTV reduces the influence on flow field induced by tracer
particles and is more suitable for biomedical microfluidic device obser-
vation.

However, all the systems mentioned above are based on image ac-
quisition and image processing for dynamic analysis. When operating
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Fig. 1. Instrument configuration, M1 and M2 denote mirrors, L denotes lens
and BS denotes beam splitter.

at high frame rate, the data throughput of image-based method is usu-
ally far more than the capability of data transport protocols. Thus, the
images store temporally in Dynamic Random-Access Memory (DRAM)
of high-speed camera before being transmitted to computer for subse-
quent processing. Owing to the insufficient memories of high-speed cam-
era, short duration caused by high frame rate [13] limits application of
image-based methods in long-term monitoring. Meanwhile, flow estima-
tion and visualization are normally executed by cross-correlation-based
algorithms [14,15] which require substantial computational resources
to accurately estimate flow distributions. The computational consump-
tion exceeds acquisition time, which makes real-time analysis not avail-
able. To meet the requirements of high-speed real-time and long-term
monitoring task for microfluidic device, reducing the data throughput
without decreasing the frame rate is the most possible approach.

This paper proposes another approach, an image-free method based
on single-pixel imaging (SPI) theory [16-19], for monitoring microflu-
idic device. SPI is a method for reconstructing an image by processing
the correlations between a series of predesigned illumination patterns
and backscattered light intensity which is detected and transferred into
electrical signal by a detector with no spatial resolution. More specif-
ically speaking, SPI can directly extract the frequency domain coef-
ficients, before the picture is reconstructed by implement of inverse
Fourier transformation. By means of SPI [20-22], two specific coeffi-
cients from Fourier spectrum of the image can be extracted and utilized
to get the path lines of single target object. A microfluidics device mon-
itoring system is designed, constructed, and verified by experiments.
The experimental results demonstrate that, for the proposed system, the
computational consumption is less than data acquisition and the data
throughput is 1/792 of traditional image-based methods, which indi-
cates the potential of the proposed method to monitor the microfluidic
device in a real-time, long-term and high frame rate way.

2. Experimental setup and data processing

The principle of the proposed system is that the movement of ob-
ject in the scene shifts the phase distribution of Fourier domain with-
out changing the amplitude distribution. The Fourier spectrum of inter-
ests is obtained by the single-pixel imaging theory to shrinks the data
throughput and computational complexity. Details about system setup,
methods of information extraction and other necessary processes are to
be discussed in this section.

The instrument configuration, as shown in Fig. 1, includes illumi-
nation, spatially resolved optical system that provides visual magnifica-
tion, single-pixel tracking (SPT) system, supplementary imaging system,
data acquisition and processing system (omitted in the figure).

The SPT system consists of spatial light modulator (SLM), optic com-
ponent and detector, which is constructed for obtaining certain Fourier
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spectrum of interests without imaging. A 12-watt plane LED serves as
the illumination source, and transmitted light from the focal plane is
collected and imaged on the surface of SLM where the spatial light mod-
ulation takes place.

Spatial light modulation is to program amplitude, phase of light
waves in space and time. Digital micromirror device (DMD, Taxes In-
struments DLP Discovery 4100 development kit) serves as the SLM in
this system to conduct high-speed spatial light modulation. The DMD
owns 1024 x 768 pitched programmable micro mirrors within plane of
0.7 inch and binary amplitude modulation is conducted by turning the
micromirrors to different on and off states. Intensity of modulated light
field is detected by a photomultiplier diode (Thorlabs, PMMO02). The re-
sponse of photomultiplier diode is converted into analog electric signals
by a DAQ (Art Control, USB-3133A) operating at maximum sampling
rate of 0.5 MHz. The signals are processed on the computer (Intel 7500,
3.4 GHz CPU,16GB RAM, 500GB SSD) to obtain the track of the mov-
ing object. In addition, a CCD (Hikvision, MV-CE060-10UM) works as
the supplementary imaging system to compare tracking results of SPT
techniques with traditional image-based methods.

An accustomed microfluidic device based on flow focusing is placed
at the focal plane of the microscope (Sunny Optical, ICX40). The cross
section of rectangular microchannel is 54 x 265 ym in size measured by
digital microscope (KEYENCE VHX VH-Z100). The continuous phase is
mineral oil. The dispersed phase is black ink dyed deionized water with
a viscosity of 1.005 mPaes in 20 °C, and their interfacial surface ten-
sion is 52 mN/m. The flow rates of two phases are manipulated by two
high accurate syringe pumps (LSP02-1B, Longer Pump), respectively.
Droplet of ink-dyed water is generated continuously by the microfluidic
device as shown in Fig. 4(a), and experiments are carried out to mea-
sure the velocity of the moving droplet inside of microchannel. With a
20 x objective lens, these characteristics afford a dynamic measurement
for flow rate ranged from 100 to 10,000 pm, which covers the working
condition of common microfluidic device.

The schematic procedure of measuring chain of the proposed system
is presented in Fig. 2 to obtain the velocity and trajectory of the mov-
ing target eventually. With the system mentioned above, the intensity
of modulated light is turned into analog voltage signal, and the signals
is stored on computer. 4-step phase shifting method is then employed
to extract Fourier coefficients from the signals. Details about principle
of Fourier basis modulation can be found in Supplementary Material
S1. Given whole coefficients of Fourier spectrum, the real image can
be obtained by implementation of inverse discrete Fourier transforma-
tion. However, for the system proposed in this paper, only two indepen-
dent Fourier coefficients are needed, which is the key to reduce the data
throughput.

For every frame, 8 Fourier basis patterns are generated, binarized
and displayed on the DMD to get two Fourier coefficients. The patterns
are 1024 x 768 pixels in size to cover the surface of DMD. The former
4 patterns shown in Fig. 3(a—d) share a spatial frequency pair (f, = O,
fy = 2/768) and only differ in initial phase ¢. They are utilized to ex-
tract C(0, f), which denotes one specific coefficient in Fourier spectrum
with spatial frequency pair (0, f,). Similarly, the later 4 patterns shown
in Fig. 3(e-h) with spatial frequency pair (fx = 2/1024, f, = 0) are pre-
pared for extraction of C(fx, 0). The structured patterns are repeatedly
displayed on the DMD in sequence. Note that Fig. 3(i) is the partial en-
larged drawing of Fig. 3(d), indicating that the patterns are all binary
rather than grayscales as they intuitively look like.

The basic working principle of the SPT system is that, any change in
spatial domain affect the whole Fourier domain [16]. The displacement
(xo, yo) of target object in spatial domain eventually results in phase
shift (—2zf, X, —27f, y) in Fourier domain, which can be expressed as:

I(x= x0.y— yo) = FTH{C(f,. 1)) -exp [=j2x(fx0 + £, 30)]}- )

Where F~! denotes inverse Fourier transform operation. To track a spe-
cific moving object rather than the movement of scene, background
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Fig. 2. Schematic of measuring chain.
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Fig. 3. Patterns for single-pixel tracking, (a-d) patterns for C(0, fy); (e-h) patterns for C(fx, 0); (i) the partial enlarged drawing.

subtraction operation must be conducted by C(fx, fy)- Cbg(fx, fy). Here
Cpg(fx f) refers to the Fourier coefficients obtained by patterns of fre-
quency pair (fx, f;) at the point when the object is out of scene or be-
ing static in the scene. In order to solve the equation, any two variable
Fourier coefficients in x and y coordinates during the moving of an ob-
ject can be utilized to form the equations’ group. For simplicity, C(fx,
0) and C(0, fy) have been chosen for the proposed system. After back-
ground subtraction, the displacement in two direction can be directly
derived through:

xp= —Arg{C(fx, 0)~Cpy(fx, 0)}/2nfx, )

Yo= —Arg{C(0, fy)—Cy,(0, fy)}/2xfy, 3

Where the Arg{e} denotes argument operation. Egs. (2) and (3) denote
that only relative movement between the initial and current position
can be figured out, while the exact position of the object is unknown.
Meanwhile the background must be stationary in the whole operation.
With the relative displacement of target object at every moment, the
velocity and acceleration can be easily deduced through time difference.

Before experiments, both CCD and the SPT system demand initial
pre-test calibration to determine those parameters necessary for con-
version from pixels to real coordinates. A 0.01 mm stage micrometer
depicted in Fig. 4(b) serves as the standard gauge. In terms of SPT sys-
tem, the picture shown in Fig. 4(c) is obtained by Single-pixel imaging
(SPI) [14]. The chosen spatial resolution is 128 x 128 pixels, which is
low owing to the nature of SPI. For CCD, the gauge is set in the focal
plane. Aperture and exposure time of CCD are adjusted to image the
gauge clearly. The result by CCD is shown in Fig. 4(d). The calibration
values, that indicates the ratio between the pixel value and the actual
distance, are obtained by photogrammetric calibration principle [23] for
both CCD and SPT system.

Another demonstration experiment that verifies the individual SPT
system is recorded in Supplementary Material S2, showing the data pro-
cessing procedure in details and the capability of tracing complex tra-
jectories.

3. Theoretical verification

Theoretical verification is conducted here to reveal relationship be-
tween the selected frequency of patterns and phase changes. The sta-
tionary scene is 256 x 256 pixels in size and made of 4 white letters and
grayscale background. The object (white block, 10 x 10 pixels) moves
straightly in x direction with the speed of 1 pixel/s. Four groups of pat-
terns with different fx but same f; are used to obtain phase change in x
direction, following the measuring chains mentioned above.

The results in Fig. 5(a) show that, for the same displacement, the
phase angle multiplies with the spatial frequency. Due to the period-
icity of the Fourier basis patterns, phase change will exceed 2z if the
displacement within one frame interval is larger than a fringe period.
In order to avoid unnecessary confusion, here a suggestion for choosing
patterns of proper frequency is offered:

£X > 2V 0/ Cy N2, )

Where fx denotes the choosing frequency in x direction, Vy,,y) denotes
the maximum of actual velocity of object in x direction, C;, denotes the
calibration value and there are N, pixels per row in the patterns. The
rule works for selecting f, as well.

Meanwhile, the result of argument operation is periodic and phase
ambiguity occurs for programing where the values of measured phase
angles step over +x. Therefore, phase angle correction must be con-
ducted.

The phase angle curve is judged to have crossed a period when the
adjacent two measured phase angles are with opposite sign and the ab-
solute difference of them is larger than x. To obtain real difference be-
tween every two adjacent phase angles, either 2z or —2x is added to
the measured difference accordingly. The corrected phase angles can
be obtained through real differences and zero point assumption of the
first measured phase angle. Take the simulation results of fx = 8/256 for
instance, the measured phase angle is depicted in Fig. 5(b) with black
line, and the corrected phase angle based on the rules mentioned above
is presented as black dot line. Taking the very first corrected phase angle
as zero, the displacement can be obtained through Eq. (2) as the blue
line shown in Fig. 5(b). Note that this rule meets difficulties when the
object moves so fast that the real phase angle flips over more than one
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Fig. 4. (a) the microfluidic device observed by
microscope;(b) the stage micrometer used for
calibration;(c) the calibration picture for SPT
system under 20 x objective lens, the spatial
resolution is 128 x 128 pixels; (d) the calibra-
tion picture for CCD under 20 X objective lens,
the spatial resolution is 3072 x 2048 pixels.
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Fig. 5. (a) phase change about the same movement, using different Fourier frequency; (b) phase angle correction procedure for fx = 8/256.

period within interval of one frame. Thus, before experiments start, both
the frame rate and the frequency of patterns must be adjusted according
to the velocity of moving object.

4. Experiemntal results and discussion

Microfluidic device under different working conditions are moni-
tored by both CCD and SPT system. The flow rate of dispersed phase
is fixed at 10 uL/hour and flow rate of continuous phase varies from 20
to 180 uL/hour with an interval of 20 uL/hour. For simplicity, the flow
rate ratio between continuous phase and dispersed phase is defined as
the flow rate ratio K in this paper. With different K, dispersed droplets
with different sizes and velocity are generated.

In the chosen field of view, the droplets are moving with a constant
speed along the straight microchannel, where the velocity of droplet
is the parameter of most interested. The average droplet velocity for
different K is shown in Fig. 6 to compare the results of CCD and SPT

system. The standard deviation of SPT system is less than 3%, and the
average difference between SPT system and CCD is less than 10%. The
largest difference occurs when flow rate ratio is 2. The measurement
error is induced because of the large and slow droplet which is unable
to totally leave the field of view before next droplet enters at this flow
rate. Note that for K > 4, the average difference between SPT system
and CCD is less than 5%.

To further verify the reliability of the results, the Bretherton relation-
ship [24] is employed. Bretherton relationship denotes that, for droplets
with approximate or larger than the microchannel cross section, there
are lubrication films made of continuous phase between walls of mi-
crochannel and droplets where the capillary number (Cad) lower than
0.01. The existence of the film results in a difference between velocity
of droplet and the external flow that transports the droplet. For droplet
with smaller size than cross section of microchannels, the velocity of
droplet is closed to flow rate.
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Fig. 6. Results of microscale experiments: variation in averaged droplet velocity
V, with flow rate ratio K, obtained by CCD and SPT system.

Table 1
Comparison between SPT system and original Single-pixel imaging.

Spatial resolution(pixels) ~ measurement times =~ Maximum frame rate

SPT 786,432 25(S = 2,3,4)
SPI N 2N

11,000/S Hz
11,000/N Hz

For a rectangular microchannel, the velocity of droplet V is slower
than the velocity of external flow V., and the Bretherton relationship
satisfied is as followed.

Vy = Ve)/Vy x —Ca,'>. )

Here V, is measured by tracking system, V., is calculated by 2-D
Poiseuille law for rectangular channel [25], and Cay4 is the Capillary
number of droplet can be obtained by:

Ca, = uv,/o, (6)

where u is the viscosity of dispersed phase and ¢ is the interfacial tension
between two phases.

The average length of the long and short axes of the elliptical droplet
D is taken as the criteria to determine whether the size of droplet is large
enough to meet Bretherton relationship. As the pictures taken by CCD
shown in Fig. 7(a), the equivalent diameter D decreases with rise of flow
rate ratio K. For K > 10, the droplet is contactless with walls visually.
And for K < 10 the droplet is large enough to meet the Bretherton rela-
tionship, the boundary of two flow states is marked by a blue dot line
in Fig. 7(a).

W= (V/Vy—1)-Ca)? @)

is utilized to verify Bretherton relationship. As shown in Fig. 7(b),
Cay < 0.01 is met for all flow rate ratio K in this experiment and W
remains constant with K < 10, where the droplets are large enough and
the lubrication films exist. With further increasement of K, the droplet
become contactless with the walls of microchannel, and the W deviated
from the Bretherton value starts to increase at this situation.

After verification, the proposed system is compared with high-frame-
rate imaged-based method and original single-pixel imaging method
considering resolution, speed and monitoring time. The comparison re-
sults of the former one is listed in Table 1.

The highest refreshing rate of DMD is 22,000 Hz under binary mode
and the spatial resolution is 1024 x 768 pixels. In order to recover a N-
pixel picture for obtaining the position of the object, the original Single-
pixel imaging method has to measure the light intensity for 2 N times,
which strictly limits real-time tracking within extremely low spatial res-
olution. In terms of SPT system, employing the S-step phase shift method
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(S = 2,3,4), the measurement times is always 2S for every frame. Dif-
ferently from SPI method, SPT is not concerned about how many pixels
are there in the field of view, and thus potential maximum frame rate
of the proposed system is 5500 Hz (=22,000/4, S = 2).

For an optical system, the minimum resolvable distance d is
d~ 0.61’

fe

where f, is the cut-off frequency of the system. In optical system with-
out considering the resolution of imaging system, the cut-off frequency
is theoretically determined by the Numeric Aperture (NA) of lens and
the wavelength A. The minimum resolvable distance then is known as
diffraction limit in optical system.

In SPT system, the frequency spectrum is designed by the structured
pattern, which is directly related to the spatial resolution R, and pattern
design. The cut-off frequency thus can be expressed as
fe xO(Ry), )

Currently, the cut-off frequency of single pixel imaging system is far
lower than the optical systems with CCDs. Thus, the spatial resolution
of the proposed method for now is still far lower than the ones with
CCDs. This cut-off frequency would rise with the development of higher
spatial resolution SLM. Even higher resolution may achieve if combined
with psychography technology [26] which has the ability to increase the
cut-off frequency to break diffraction limit. Therefore, the proposed sys-
tem offered a potential super-high-resolution tracking without increas-
ing the accusation time theoretically. What’s more, the proposed SPT
system can achieve much higher resolution than SPI system since only
spectrum of interests are needed for SPT systems. In order to discuss the
monitoring duration of the proposed SPT system, the data throughput
and other features of the proposed method are compared with HRI in
actual experiments, which are listed in Table 2.

Firstly, the data throughput and duration for both methods are com-
pared. The detector used is PDA100A2(Thorlabs), of which the band-
width is 3000 Hz at 70 dB setting. Using 4-step phase shifting method,
the upper limit is 3000/8 = 375 Hz. With the constraint of the response
time (100 ns) of detector, 312.5 Hz is thus selected as the frame rate
according to the previous proposed criteria. For every modulation pat-
tern, 100 samples are averaged into one for calculation. Using 16-bit
DAQ, the data throughput is 0.48 Mbps ( = 16 bits (2 bytes) x 100 sam-
ple/frame x 2500 frame/s). For a normal high-speed camera operating
at same frame rate and spatial resolution, the data throughput is 380.25
megabytes per second ( = 1.17 Mbps x 312.5 fps), which is 792 times
more than the proposed system. The data throughput of image-based
method is evaluated by the data size of 1024 x 768 pixels. TIF-format
photograph is captured by high-speed camera (Phantom, V2515). Ap-
parently, the proposed system can operate in much longer duration than
imaged based system. The monitoring duration is estimated by dividing
1 Terabytes storage with the data throughput per second for both SPT
and high-speed camera at the same operative frame rate of 312.5 Hz.
The results for both methods are listed in Table 2, which represents
remarkable influence of shrinking data throughput on prolonging du-
ration. Note that using better detector of higher bandwidth and lower
response time, taking the PMT1001/M (Thorlabs) as an example, the
maximum sampling rate referred in Table 2 can be easily achieved.
Furthermore, by using phase shifting methods with less steps, such as
3-steps Fourier SPI [16] and 2-steps Fourier SPI [27], the maximum
frame rate of the proposed system can be further increased. Therefore,
the potential highest tracking frame rate for the proposed SPT system is
5500 Hz ( = 22,000 refreshing rate/4 patterns per frame, using 2-steps
phase shifting method).

Moreover, the real-time operation capabilities of both methods are
compared. For SPT system, the average computational consumption of
processing for one frame is 89.3 us by a computer with an Intel 7500,
3.4 GHz CPU, 16GB RAM and MATLAB 2021a, which is far less than ac-
quisition time of 3.2 ms and indicates that a real-time tracking is avail-
able with FPGA programming. However, computational consumption

®)
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Cay (blue solid circle) with flow rate ratio K, the red line represents Bretherton value.

Table 2

Comparison between SPT system and HRI system.

Data throughput ~ Duration Computational time ~ Acquisition time =~ Maximum frame rate
SPT 0.48 Mbps 25.8 days 89.3 us 3.2 ms 5500 Hz
HRI >300 Mbps 46 mins >10 ms <3.2ms >100,000 Hz

for HFRI system is more than acquisition time working with the same
tracking frame rate. This comparison shows the merits of SPT system in
less complexity of computation and its real-time operation capability.

It should be noted that the proposed monitoring system has three
limitations. Firstly, different with image-based method, only one object
moving in a stationary 2-D background can be tracked accurately and
any deformation of the channels may result in inaccuracy of tracking.
Secondly, the displacement obtained in this paper is a relative value
and the exact position can only be obtained after calibration for the
initial start point. The exact position of the tracking target in real-world
coordinate is available on specific conditions when the object enters the
field of view from upside or downside and leaves at left or right side,
or under the exact opposite condition. But luckily, for the microfluidics
monitoring task, the movement track of droplet is previously decided by
the designed structure, which means the relative position is enough to
obtain exact position of droplet. Lastly, the maximum spatial resolution
for DMD is 1024 x 768, which is pretty low compared with commercial
CCD. However, it is bound to be solved by spatial light modulator of
higher spatial resolution.

The results and discussions show that the proposed SPT system is a
reliable high-speed real-time and long-term way for microfluidic device
monitoring. With this system, the real-time position of target object can
be obtained. The velocity and acceleration can thus be obtained by tem-
poral difference method. Therefore, other relative dynamic mechanics
measurements such as pressure drop at exit is possible to be obtained on
the basis of fluid mechanics. For example, using Poiseuille equation for
different shapes of cross-section, the pressure difference can be obtained
through the measured velocity. Overall, the proposed SPT system for
microfluidic devices has the potential to monitor the velocity and other
parameters in real time and last long duration.

5. Conclusion

In this paper, a single-pixel tracking system is proposed to achieve
real-time, and long-term microfluidic process monitoring. By means of
spatial light modulation, Fourier basis patterns are employed to get two
values in Fourier domain of interests without imaging. Displacement of
moving target object in stationary background can be obtained by phase

shifting calculation. Experimental results demonstrate the proposed sys-
tem can detect the trajectory and obtain the velocity of target object ac-
curately. Working at frame-rate of 312.5 Hz, the data throughput of pro-
posed system is only 1/792 of conventional high-speed-camera- based
method. This work generates a different insight for the application of
single-pixel imaging technology in an image-free way. For droplet or
particle moving inside of microfluidic device, relative displacement can
be obtained by the proposed system with far less data throughput and
computational consumption compared with image-based system, which
indicates a potential high-frame rate, real-time, and long-term approach
to monitoring the microfluidic devices.
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