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ABSTRACT

This paper presents a novel approach for comprehensive flow analysis within microfluidic systems by integrating

particle tracking velocimetry (PTV) and shake-the-box (STB) techniques with plenoptic imaging. By combining the

strengths of PTV and STB, which offer particle trajectory tracking and high-resolution particle position determina-

tion, respectively, our method enables accurate and detailed flow characterization. Leveraging Fourier light-field

microscopy, a recent development of plenoptic imaging (or integral microscopy), we eliminate the need for multiple

imagers and achieve high-resolution three-dimensional flow measurements using a single high-speed camera. The

diffraction-limited resolution is on the order of 2 µm in 3D, with the lateral and depth resolution within 25% of each

other. This is an unprecedented depth resolution for a 3D velocimeter. Particle positions can in fact be resolved to

less than the imaging wavelength. We demonstrate the effectiveness of this approach by capturing and analyzing a

complex flow within a microfluidic device with a cross-junction channel. This measurement technique will provide

valuable insights for optimizing microfluidic device design and performance as well as wall-bounded flows.

1. Introduction

The study of flow dynamics within microfluidic channels requires advanced measurement tech-
niques to capture intricate phenomena accurately. Commonly employed techniques include micro-
scopic particle image velocimetry (µPIV) which combines PIV and a microscope imaging system
for microscale applications (Cierpka & Kähler, 2012; Etminan et al., 2022) but faces challenges with
seeding density and depth-of-field limitations, affecting spatial resolution.

Three-component PIV techniques have been adapted to stereoscopic µPIV (Lindken et al., 2006;
Giardino et al., 2008), microscopic tomo-PIV (Kim et al., 2011, 2013), confocal scanning µPIV (Park
et al., 2004; Oishi et al., 2011), defocused µPIV (Yoon & Kim, 2006; Pereira et al., 2007; Winer et al.,
2014; He et al., 2023), and holographic µPIV (Sheng et al., 2006; Ooms et al., 2009).
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4D particle tracking velocimetry (PTV) shake-the-box (STB) has been developed by Schanz et al.
(2016) to extend dynamic range by minimizing the filtering effect introduced by the spatial averag-
ing of tomographic PIV. This technique allowed Schröder et al. (2015) to claim a 0.47 mm3 spatial
resolution for instantaneous data, with higher resolution obtained on the mean flow at 93�93 µm2

(bin size).

In situations where space is limited, the practical application of these methods is often hindered by
the necessity of multiple cameras, each with its footprint and optical access requirements. More-
over, employing a multi-camera setup entails intricate procedures for alignment and meticulous
volumetric calibration, which are susceptible to external disturbances such as vibrations originat-
ing from the experimental environment.

Single-camera plenoptic imaging multiplexes the angular domain into the spatial domain typi-
cally using a microlens array (MLA). Fourier integral microscopy (FIMic) is the latest evolution of
plenoptic imaging applied to microscopy, otherwise referred to as integral microscopy, and offers
the highest spatial resolution of all the integral microscopic techniques. This approach places the
MLA at the Fourier plane (or aperture stop) of a microscope objective and the sensor one microlens
focal length away (Llavador et al., 2016; Scrofani et al., 2018; Martínez-Corral & Javidi, 2018; Guo
et al., 2019; Liu et al., 2020). This effectively divides the sensor into a grid of micro-images, or
elemental images, of the entire imaged volume, each from a distinct perspective angle. In practice,
the Fourier plane of the objective is not always mechanically accessible and a relay system is used
to conjugate the objective Fourier plane with the MLA.

In this paper, we introduce a novel approach that combines the strengths of PTV and STB with
FIMic, enabling comprehensive flow analysis with enhanced accuracy and efficiency. By lever-
aging FIMic, which allows for the capture of three-dimensional flow information using a single
camera, we overcome the need for multiple imagers and achieve high-resolution 3D flow mea-
surements within microfluidic systems. A high-resolution, high-speed imager enabled to acquire
data sufficiently resolved in time for the implmentation of STB.

2. Fourier integral microscope design

Figure 1 shows the FIMic imager with its constituent parts. The design consists of a water immer-
sion microscope objective (Zeiss plan-apochromat 63x) with a numerical aperture of NA = 1:0 and
a working distance of 2.1 mm.

A relay system composed of a 165-mm tube lens (fTL) and a 200-mm (fRL) relay lens is used to
conjugate the objective Fourier plane with the MLA of pitch p = 2 mm (aµS APH-Q-P2000-R7.8).
The MLA has a focal length of fmla = 17 mm which forces it to be placed within the opening of a
camera. The camera is an IDT Phoenix gold 6K; it has a 12-bit sensor of 6; 400 � 5; 120 pixels and is
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Figure 1. Sketch (top)(Huck et al., 2023) and picture (bottom) of the relayed micro-penoptic system including imaging
the flow inside the microchannel; the system includes the high-speed camera, green LED, and microscope objective.

able to stream to a computer hard drive at up to 1 kHz at full resolution. More importantly for this
application, it has small 3.55-µm (�) pixels, which helps in designing a diffraction-limited integral
microscope.

The focal length of the microscope objective, fmo, is related to its nominal magnification: fmo =

fTL=Mmo = 2:62 mm. The microscope objective aperture of diameter Das = 2NAfmo is subsampled
by a total of

N =
fRL

fTL

Das

p
= 3:2 (1)

elemental images. The analytical magnification of the FIMic imager is:

M = (fTL=fRL)(fmla=fmo) = 5:4 : (2)

Hence we can afford to crop the 6K sensor of the high-speed camera to 2; 048 � 2; 048 pixels and
reach a maximum acquisition rate of 2,000 images per second in 12-bit mode.

The wavelength of the emission peak of the fluorescent particles used here is � = 590 nm. The
analytical lateral resolution of the system, Rxy, includes both diffraction and geometric limits:

Rxy =

√(
0:66

�N

NA

)2

+
(

2
�

M

)2

=
√

(1:14 µm)2 + (1:33 µm)2 = 1:75 µm : (3)

Similarly, the analytical resolution along the optical axis of the imager (i.e. in depth), Rz, is:

Rz =
N

(N � 1)NA
Rxy = 2:56 µm : (4)

Overall the plenoptic system is 840 mm long and 60 mm in diameter.
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3. Results

Particle tracking velocimetry (PTV) is deployed on a cross-junction microfluidic device (shown
in Fig. 2). The device is fabricated using PDMS in a custom acrylic mold and against a clear
glass plate; it allows the deployment of optical diagnostic techniques. The channel cross section is
500 µm � 500 µm.

Figure 2. Picture of the cross-junction microfluidic device; the channel has a square cross section of 500 µm � 500 µm.

Figure 3. Excitation (left) and emission (right) spectra of the Nile red particles. The dashed lines correspond to the
light source reflected by the dichroic plate and illuminating the interrogation volume (left) and the emission

spectrum transmitted to the sensor (right).

Nile red fluorescent polystyrene particles (1.7-2.2 µm, Spherotech FH-2056-2) are dispersed in wa-
ter and driven through the microfluidic channel at an average of 4 m/s manually by a pair of
syringes. The light source is a 480 mW 530 � 35 nm LED. The green light is reflected by a dichroic
plate along the optical axis of the imager and is focused by the microscope objective in the inter-
rogation volume. The camera sensor captures the fluorescence signal from the particles after it is
transmitted by the dichroic and a fluorescence filter which has been added to fully remove any
light from the relatively broadband LED.

Figure 4 reports a raw frame captured at 400 Hz with the FIMic imager system.
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Figure 4. Cropped raw instantaneous particle field captured by the imager: full frame with seven plenoptic views
staggered in a 2-3-2 pattern (left) and central view with enhanced contrast highlighting the diffraction pattern of

out-of-focus particles (right).

The views of the object are orthographic rather than perspective. This means there is no parallax
when the view is shifted sideways; the object remains stationary when brought into focus, and the
lateral magnification remains consistent across the entire depth of field.

Several pseudo-perspective elemental images are arranged on three different rows, of which seven
have a complete field of view (2-3-2). From these different pseudo-perspective views, a 3D field can
be reconstructed. The seven individual plenoptic views are extracted and imported as independent
cameras into the software DaVis 10 by LaVision. Each elemental view is a disk of 512 pixels. The
system is calibrated using a 25-µm-spaced grid target translated every 5 µm within a depth of field
of 50 µm. The experimental magnification of the system is 5.2 (0.68 µm/pixel) and the volume
reconstructed is a disk of 350 µm laterally and 50 µm in depth. Figure 5 displays the the tracks of
the particles detected and reconstructed over 320 frames and the average velocity appears in color.

Figure 6 shows the tracks of the particles over the same 320 frames but colored by detection uncer-
tainty in the particle 3D location. The average uncertainty in the lateral and in-depth location of the
particles given by the software is below 0.1 µm and 0.3 µm, respectively. It is important to empha-
size that the in-depth uncertainty is very close to the lateral uncertainty, and the 3D velocimeter
presented here offers almost-cubic/isotropic voxels.

4. Conclusions

Our work introduces a novel approach for comprehensive flow analysis in microfluidic systems,
leveraging the combined strengths of particle tracking velocimetry (PTV), shake-the-box (STB),
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Figure 5. 3D particle tracks over 320 frames colored by the absolute particle velocity.
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Figure 6. 3D particle tracks over 320 frames colored by the particle location uncertainty.
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