
Sub-micrometer-precision, three-dimensional (3D)
hydrodynamic focusing via “microfluidic drifting”

Ahmad Ahsan Nawaza, Xiangjun Zhangb, Xiaole Maoa,c, Joseph Rufoa, Sz-Chin Steven
Lina, Feng Guoa, Yanhui Zhaoa, Michael Lapsleya, Peng Lia, J. Philip McCoyd, Stewart J.
Levined, and Tony Jun Huanga,c

aDepartment of Engineering Science and Mechanics, The Pennsylvania State University,
University Park, PA 16802, USA

bState Key Laboratory of Tribology, Tsinghua University, Beijing, 100084, P.R. China

cDepartment of Bioengineering, The Pennsylvania State University, University Park, PA 16802,
USA

dNational Heart, Lung, and Blood Institute, NIH, Bethesda, MD 20892, USA

Abstract

In this article, we demonstrate single-layered, “microfluidic drifting” based three-dimensional

(3D) hydrodynamic focusing devices with particle/cell focal positioning approaching submicron

precision along both lateral and vertical directions. By systematically optimizing channel

geometries and sample/sheath flow rates, a series of “microfluidic drifting” based 3D

hydrodynamic focusing devices with different curvature angles are designed and fabricated. Their

performances are then evaluated by confocal microscopy, fast camera imaging, and side-view

imaging techniques. Using a device with a curvature angle of 180°, we have achieved a standard

deviation of ±0.45 µm in particle focal position and a coefficient of variation (CV) of 2.37% in

flow cytometric measurements. To the best of our knowledge, this is the best CV that has been

achieved by a microfluidic flow cytometry device. Moreover, the device showed the capability to

distinguish 8 peaks when subjected to a stringent 8-peak rainbow calibration test, signifying the

ability to perform sensitive, accurate tests similar to commercial flow cytometers. We have further

tested and validated our device by detection of HEK-293 cells. With its advantages in simple

fabrication (i.e., single-layered device), precise 3D hydrodynamic focusing (i.e., submicrometer

precision along both lateral and vertical directions), and high detection resolution (i.e., low CV),

our method could serve as an important basis for high-performance, mass-producible microfluidic

flow cytometry.
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Introduction

Flow cytometry is a powerful, high-throughput, single-cell characterization and sorting tool

that has revolutionized how cells are studied and purified.1–7 In the past decades, flow

cytometry has become indispensable for a wide variety of applications in the fields of

molecular biology, pathology, immunology, plant biology, and medical diagnostics.8–11 For

example, disease progression in human immunodeficiency virus (HIV) patients is typically

monitored using flow cytometry.12 In cancer diagnostics, flow cytometry is widely used in

immune-phenotyping of acute leukemia and DNA content analysis of tumor cells.13,14

Despite their significant impact, current benchtop flow cytometry systems have the

following drawbacks: high cost, large size, complex configuration, and high

maintenance.15–20

In this regard, the lab-on-a-chip community has made significant progress in leveraging the

advantages offered by microfluidics (e.g., small size, reduced sample consumption, and high

controllability in fluid/particle/cell manipulation) as a means of developing miniature, low-

cost flow cytometers. With microfluidics, significant benchmarks, such as size and cost

reduction, have been achieved.21–31 However, as of today, microfluidic flow cytometers

have not equaled the performance of their benchtop counterparts, specifically in terms of

detection resolution. Detection resolution of a flow cytometer, a measure of the precision

and accuracy of the device, is generally characterized by the coefficient of variation (CV,

defined as the standard deviation divided by the mean) of the scatter signals.4 The high

detection resolution (i.e., low CV) of conventional flow cytometers is largely due to their

ability to tightly and precisely focus cells, with sub-micrometer cell-focusing precision

along both lateral and vertical directions. Such high-precision cell focusing assures that each

cell passes through the detection/sorting points at exactly the same position and velocity,

resulting in accurate and precise cell detection and sorting. Most microfluidic flow

cytometers have difficulties in achieving a similar level of precision in cell focusing. As a

result, their detection resolution (i.e., CV) and sorting purity are not comparable to those of

their benchtop counterparts.

A variety of innovative particle/cell focusing techniques have been demonstrated to improve

the performance of microfluidic flow cytometers.32–39 Three-dimensional (3D)

hydrodynamic focusing techniques are particularly promising. By focusing sample flows not

only horizontally (in-plane), but also vertically, it is possible to improve detection

resolution.40–52 For example, Di Carlo et al. have successfully exploited inertial effects to

focus particles three-dimensionally in serpentine-like curved microfluidic channel

structures.53–57 Park et al. have utilized centrifugal force through periodic expansion and

contraction of array structures within a microfluidic channel to confine the sample flow in

three dimensions.58,59 Lo et al. have demonstrated an excellent ability to confine sample

flow using a double-layered 3D hydrodynamic focusing device with smaller sample channel

height relative to sheath fluid channels.60 Our group has developed a “microfluidic drifting”

mechanism for 3D particle focusing in a single-layered microfluidic device.61–63 Despite

these advances, the current microfluidic-based 3D hydrodynamic focusing methods have

significant drawbacks. Low focusing precision (i.e., large confinement size) and/or

dependence on particle/cell properties (i.e., cells/particles with different properties and sizes
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focused at different positions) plague existing microfluidic flow cytometers. These

drawbacks often lead to inferior performance (e.g., high CVs).

By systematically optimizing channel curvature angle and other parameters, we have shown

that our “microfluidic drifting” technique can achieve 3D hydrodynamic focusing with sub-

micrometer precision. Devices with different curvature angles were first studied through

computational fluid dynamics (CFD) simulations before undergoing experimental

verification. Three-dimensional hydrodynamic focusing was performed with fluorescein

solution, polystyrene beads, and cells to characterize device performance and verify particle/

cell focusing precision. We achieved a standard deviation of ±0.45 µm in particle focal

position and a CV of 2.37% with Flow-Check calibration beads. This CV is comparable to

that of commercial flow cytometers, and to the best of our knowledge, is the best CV value

that has been achieved by any microfluidic flow cytometer. Moreover, our device could

distinguish 8 fluorescent peaks, when subjected to an 8-peak rainbow calibration test. The

ability to conduct such stringent tests is indicative of our system’s high precision and

resolution.

Methods

Device working mechanism

The “microfluidic drifting” 3D hydrodynamic focusing46 is achieved in the two-step

procedure shown in Fig. 1. The sample fluid and the vertical sheath fluid are injected from

two separate inlets (S and V, Fig. 1). As the two fluids merge (inset A, Fig. 1) and move

inside the curved channel (of arbitrary angle α), they will experience a centrifugal force.

Fluid elements near the inner wall of the curvature experience greater centrifugal force as

compared to that near the outer wall due to decreased radius of curvature. Thus, the sample

fluid near the inner wall bulges into the sheath fluid (insets B and C, Fig. 1). The constraints

of the channel walls cause the fluid near the outer curved wall to recirculate along the

perimeter of the channel walls. This phenomenon of recirculation causes the formation of

two counter-rotating vortices above and below the channel middle-plane, called secondary

flow or Dean’s flow. Hence, the sample fluid is vertically focused at this stage. This is

demonstrated in insets A-C in Fig. 1, where the two side-by-side co-flowing fluids transform

into a thin sandwiched structure of sheath-sample-sheath (inset C in Fig. 1). Any particles

within the sample fluid will also be swept to the center-plane of the channel. In the second

step, the vertically focused fluid/particles are pushed to the center of the channel by two side

(horizontal) sheath fluids (H1 and H2, Fig. 1). The inset D of Fig. 1 indicates the cross-

section of the downstream channel which shows the three-dimensionally focused stream in

the form of the dot.

CFD Simulations

In this work, we utilized CFD-ESI software to analyze the flow field in the curved channels.

The simulation was based on a combination of the governing mass conservation equation,

the energy conservation equation, and the momentum conservation equation of

incompressible fluids. In our simulation, we adopted deionized (DI) water as the vertical and

horizontal sheath fluids and 5 µM fluorescence in DI water as the sample fluid. The sample
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flow rate was set as 25 µl/min. Both the horizontal sheath fluids were kept at 225 µl/min.

The input vertical sheath fluid rate was set via simulation manager in CFD-ESI software,

ranging from 50 µl/min to 550 µl/min with an increment step of 5 µl/min for each

simulation. This systematic approach was applied to all the “microfluidic drifting” 3D

hydrodynamic focusing devices with curvature angles of 70°, 90°, 135°, 180°, 225°, and

270° to obtain the optimum vertical sheath fluid rate for each curvature angle. We used a

relative convergence criterion of 10−6 in all the simulations. The concentration profiles of

sample fluids were analyzed for each simulation at cross-section C (Fig. 1), right before

horizontal sheath fluid inlets. We used a criterion of 2.5 µM isosurface (50% of the initial

concentration) to visualize the focusing profile of the sample fluid. This approach was used

to estimate the optimum value for vertical sheath flow rate, beyond which remixing of

sample fluid occurs. This vertical sheath fluid optimization approach was adopted for each

curvature angle.

Key parameters to improve particle-focusing precision

It is vital to identify the key parameters of our device that determine the sample focal

diameter, and thus the particle-focusing precision. Quantitatively, the final focal diameter of

the sample fluid can be defined as,

(1)

where (D – D0) is the decrease in sample focal diameter, t0 is the initial time (at entrance of

the curvature), t is the final time at the end of the curved channel, β is the material parameter

(such as viscosity and density) of the sample flow, and γ̇ is the interfacial shear rate which

depends on the difference in flow rate between the sample flow and sheath flow. From

Equation (1), we can see that the final sample focal diameter is dependent on both the

shearing time of the co-flowing fluids, as well as the difference in flow rate between the

sample flow and sheath flow. This suggests that by increasing the length of the curved

channel (e.g., increasing the curvature angle), while at the same time holding the interfacial

shear rate constant, we can enhance the shearing time of the two co-flowing fluids and thus

decrease the sample focal diameter.

This method of decreasing sample flow focal diameter was validated by our simulation

results. Fig. 2 shows CFD simulation results of the co-flow interface distribution from the

“microfluidic drifting” 3D hydrodynamic focusing devices with curvature angles of 90°,

135°, and 180°, respectively. The insets on the bottom-right corners of each image indicate

the final focusing diameter and the location of the sample flow. Figs. 2(a), (b), and (c)

elucidate the un-optimized experimental conditions, where curvature angles are increased

while keeping the flow rates constant (150 µl/min for vertical-focusing sheath fluid and 25

µl/min for sample fluid). The co-flowing interface within the cross-section plane is stretched

thinner as the channel curvature angle increases from 90° to 135° to 180°. This is due to

longer shearing times, a larger centrifugal effect, and increased exposure to the counter-

rotating vortices. When the device curvature angle is 90° or 135° (Figs. 2(a) and (b)), the co-

flowing interface is not stretched enough from the inner wall towards the outer wall,

resulting in a non-spherical and non-central focused sample beam, as shown in their
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respective insets. However, when the device curvature angle is 180° (Fig. 2(c)), the co-

flowing interface is slightly overstretched by the centrifugal force and re-mixing occurs,

leading to defocused and decentralized sample focusing stream (inset Fig. 1(c)). Clearly, the

curvature angle of the device can play an important role in stretching the interface of the co-

flowing sample fluid to its optimum position to achieve higher focusing precision.

The vertical-focusing sheath flow rate also plays a key role in improving focusing precision.

Figs. 2(d), (e), and (f) show the cross-sectional views of the devices with curvature angles of

90°, 135°, and 180° after optimizing vertical-focusing sheath flow rates. For the devices

with curvature angles of 90°, 135°, and 180°, the vertical sheath flow rates are 337 µl/min,

180 µl/min, and 110 µl/min, respectively. It is noteworthy that, as we increase the curvature

angle from 90° to 180°, not only does focusing precision improve, but vertical-focusing

sheath flow rate decreases, both of which are beneficial for developing high-performance,

compact flow cytometers. However, at larger angles of curvature (>180°), the necessary

vertical sheath flow rate becomes very low, which leads to decreased interfacial shear rates

and increased focal diameters.

Device fabrication and experimental setup

A series of “microfluidic drifting” based 3D hydrodynamic focusing devices with different

curvature angles were fabricated using polydimethylsiloxane (PDMS) via a mold-replication

procedure and standard soft lithography techniques.18 First, the master mold was obtained

by performing deep reactive ion etching (DRIE, Adixen, Hingham, MA) on a pre-patterned

silicon wafer with spun-on photoresist. The master mold was then coated with 1H, 1H, 2H,

2H-perfluorooctyltrichlorosilane (Sigma Aldrich) to reduce the surface energy and facilitate

the removal of PDMS from the mold. TA Sylgard184™ Silicone Elastomer base was mixed

with curing agent (Dow Corning, Midland, MI) based on a 10:1 weight ratio. The mixture

was degassed in vacuum for 30 min and then cured at 70°C. The PDMS was then cut and

peeled off from the mold with the patterned microfluidic channel. Inlets and outlets were

made by punching in holes using a 0.75 mm punch (Harris uni-core). Following that, the

PDMS was bonded onto a silicon substrate to form a sealed microchannel. Finally, four

independently controlled Syringe pumps (cetoniGmbH, Germany) were connected to the

device via polyethylene tubes.

In our experiments, fluorescein solution, microparticles (Bangs Laboratories), and cells were

used as samples to test device performance. Flow-Check calibration beads were used for

comparison of results with a commercial benchtop flow cytometer (Beckman and Coulter).

Human embryonic kidney HEK-293 cells were also detected in our device, after they were

stained with Calcein AM. A high-speed camera (FASTCAM SA4, 225,000 frames per

second) was used to observe the microparticle focusing. To observe the focusing in the

vertical direction, confocal microscope (Olympus Confocal FV1000, Japan) and side-view

imaging techniques were used. A smooth, transparent optical window was placed adjacent to

the main channel to allow “side-view imaging” of the focused flow. A 45-degree prism was

placed adjacent to the optical window to deflect the excitation light and emission light so the

side-view profile of the focused flow could be monitored using an epifluorescence

microscope. Finally, we used a home-made laser-induced fluorescence system to perform
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flow cytometric measurements. The fluorescence system consisted of a BlueSky 488 nm

laser introduced via fluorescence lamp house into an inverted fluorescent microscope (TE

2000U, Nikon). A 40× objective lens focused the laser beams into a tight spot of

approximately 20 µm. The same optical path carries the emission signal from polystyrene

beads to the photo-multiplier tube (PMT, Hamamatsu H6780-20) attached to the C-mount of

the microscope.

Results and Discussion

3D focusing of fluorescein solutions

To characterize the 3D hydrodynamic focusing performance, we fabricated a series of

“microfluidic drifting” devices with different curvature angles (i.e., 70°, 90°, 135°, 180°,

and 225°). 5 µM fluorescein in DI water was used as sample fluid. CFD simulation results in

the first row in Fig. 3 indicate confinement width (y-direction) of 35.0 µm, 25.0 µm, 6.0 µm,

2.0 µm, and 6.0 µm and confinement height (z-direction) of 37.0 µm, 25.0 µm, 7.0 µm, 2.0

µm, and 5.0 µm for devices with curvature angles of 70°, 90°, 135°, 180°, and 225°,

respectively. Illustrated in the second row are the experimental results from the confocal

microscope imaging of the corresponding curvature angles shown in the top row. The z-

resolution of the confocal microscope was set to 0.25 µm. The confocal microscopy results

agree well with the CFD simulation results, indicating the effectiveness of our model. As the

curvature angle increases from 70° to 180°, the experimental focusing diameter decreases

from several tens of micrometers to ~2.5 µm. However, as the curvature angle increases

from 180° to 225°, an increase in the focusing diameter to ~7.4 µm is observed.

Experimental validation of focusing performance was also conducted via epifluorescence

microscopy (both top-view and side-view). Fig. 4(a) depicts the top view of the fluorescent

sample flow (5 mm downstream the exit of the 180-degree curve). Fig. 4(b) depicts the side-

view of hydrodynamically focused flow in the main channel. The sample flow is observed to

be focused in the center of channel with a total height of ~2.5 µm. Fig. 4(c) shows the side-

view of the main channel after flows are stopped. The fluorescent dye diffuses through the

entire channel resulting in a uniform distribution of fluorescent dye at a much lower

concentration.

Summary of sample-focusing performance with different device parameters

Fig. 5 provides a summary of sample focusing diameters achieved for devices with different

curvature angles (and their optimized vertical sheath fluid rates). The simulation results

indicate that the minimum focusing diameter (~1.0 µm) can be achieved with a device

curvature angle of 175°. This result agrees reasonably well with our experimental result,

which indicated that a minimum focusing diameter of ~2.5 µm is achieved with a device

with a curvature angle of 180°. As we increase the curvature angle from 70° to 180°, the

focusing diameter decreases from 37 µm to 2.5 µm, and sheath flow rates also decreases

significantly. Smaller focusing diameters indicate better focusing precision, and reduced

sheath flow rates are advantageous for developing more compact, biocompatible flow

cytometers: by reducing sheath flow rates, one can reduce the biohazards, the size and cost

of the system, and the shear force acting on cells. As we continue increasing the curvature
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angle from 180° to 270°, the focusing diameter increases and the focusing precision

decreases; beyond 270° no effective focusing is observed.

3D focusing of microparticles

In the previous sections, we demonstrated that precise focusing of a fluorescent dye solution

can be achieved using the “microfluidic drifting” technique. Here, we extend this technique

for precise focusing of large microparticles (on a length scale of several to several tens of

µm). Our theoretical and numerical results (Supplementary Information) indicate that in our

“microfluidic drifting” 3D focusing devices, particles ranging from submicron to several

tens of microns will follow streamlines and be focused three-dimensionally. These

theoretical and numerical results are further supported by the experimental data (Fig. 6). In

the experiments, we injected ~1×106/ml polystyrene beads in 0.01% SDS solution. The

polystyrene beads were vortexed prior to injection into the device for prevention of

agglomerates. Fig. 6 shows Z-stacked fast camera imaging results (captured at 225,000

frames per second) using “microfluidic drifting” 3D focusing devices with 70°, 90°, 135°,

180°, and 225° curvature angles (videos for the particle-focusing process are shown in

Supplementary Information S1, S2, and S3). Since we observed the best focusing results

with the device possessing a curvature angle of 180°, we tested the 180° channel device by

focusing 1.9 µm and 10.11 µm polystyrene beads. The device shows a focusing diameter of

~2.8 µm for 1.9 µm polystyrene beads; i.e., the standard deviation of the particle position is

±0.45 µm. The device also shows a focusing diameter of ~11.61 µm for 10.11 µm

polystyrene beads; i.e., the standard deviation of the particle position is ±0.75 µm. Figs. 6(f)

and (h) show that 1.9 µm and 10.11 µm polystyrene beads remain focused even at 5 mm

downstream of the curve, indicating the stability and effectiveness of the device design.

Flow cytometry measurements

We used the laser-induced fluorescence system and 10 µm Flow-Check polystyrene

calibration beads to characterize the performance of a “microfluidic drifting” based flow

cytometry chip with a curvature angle of 180°. Fig. 7(a) shows a typical diagram of

fluorescent peaks detected from the calibration polystyrene beads. A program written in

Matlab was used to analyze the peaks. A total of 8,653 peaks were recorded for 4 s of total

recorded data, leading to a particle flux of ~2,163 particles s−1. Each peak in Fig. 7(a)

indicates a polystyrene bead. The spacing between peaks indicates the potential to further

increase the throughput. The uniformity in the height of the peaks indicates that a similar

amount of fluorescent signal is collected from each bead passing through the laser

interrogation point. This indirectly proves that all the beads are passing through the laser at

the same interrogation point along the main axis of the channel. The CV of our

“microfluidic drifting” flow cytometry chip is calculated to be 2.37% (Fig. 7(b)). For

comparison, we conducted similar experiments on a conventional benchtop flow cytometer

(Beckman and Coulter, CYTOMICS FC 500) with identical experimental conditions and

calibration beads and the CV was calculated to be 1.90% (Fig. 7(c)). For immunological

studies, the ability of flow cytometry to distinguish between fluorescence staining level is of

crucial importance. Therefore, we subjected the “microfluidic drifting” flow cytometry

devices with curvature angles of 90°, 135°, 180° and 225° to Sphero 8-peak rainbow

calibration beads (3–3.4 µm, BD Biosciences) and signals were detected using the laser-
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induced fluorescence system. Results in Fig. 8 indicate the ability of the 180° device to

clearly distinguish eight peaks. Results for the 90°, 135°, and 225° devices are shown in the

Supplemental Information.

Finally, we tested our devices for the focusing and detection of biological cells. The same

devices and setup used for detection of calibration beads was implemented and HEK 293T

cells were stained with Calcein AM (Life Technologies, USA) for detection of the

fluorescence signal. Fig. S4 (supplementary information) shows the histogram of the peaks

from stained HEK 293 cells detected by 70°, 90°, 135°, 180°, and 225° channel devices with

CVs of 25.90%, 21.64%, 17.46%, 13.35% and 16.23%, respectively. Fig. 9(a) shows a

typical diagram of fluorescent peaks detected from the HEK-293 cells, demonstrating that

biological cells can be successfully detected. Fig. 9(b) shows the distribution of the peak

heights for the entire 4-sec data recorded. Signals towards the left and right of the peak

position can be caused by debris and cell doublets. The histogram of the peak heights in Fig.

9(b) shows that the device can effectively detect fluorescent signals from HEK 293 cells.

Moreover, the CV (13.35%) obtained using our flow cytometry chip is comparable to that

obtained by passing HEK 293 cells through a commercial Beckman and Coulter flow

cytometer (CV: 12.87%). This further demonstrates the efficacy of focusing and detection

by the “microfluidic drifting” based flow cytometry device.

Conclusion

In summary, we have systematically designed and studied a series of “microfluidic drifting”

based 3D hydrodynamic focusing devices with curvature angles ranging from 70° to 270°.

Our CFD simulation results were verified experimentally by confocal microscopy, fast

camera imaging, and side-view imaging techniques. The device with a curvature angle of

180° showed the best focusing precision (the focusing diameter was ~2.8 µm when 1.9 µm

polystyrene beads were used to characterize the device’s performance; i.e., standard

deviation of the particle position was ±0.45 µm). Finally a laser-induced fluorescence

system was used to demonstrate flow cytometry measurements. Our device demonstrates a

throughput of ~2,163 particles s−1, with the possibility of further increases in throughput.

Our device achieved a CV of 2.37%, which is comparable to that of a conventional flow

cytometer. To the best of our knowledge, this CV value is the best achieved by any

microfluidic flow cytometer. Moreover, the flow cytometry chip with a curvature angle of

180° is capable of distinguishing eight peaks when subject to a stringent 8-peak rainbow

calibration test. The successful integration of sub-micron-precision “microfluidic drifting”

based 3D hydrodynamic particle/cell focusing in a single-layer planar microfluidic device is

an important step toward high-performance, microfluidic flow cytometry systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic diagram of the “microfluidic drifting” 3D hydrodynamic focusing device. The

sample flow (S) and vertical-focusing sheath flow (V) are input from the right end of the

curved channel and exit from the left end. The insets (A, B, C, and D) are locations of CFD

simulation of the sample flow distribution on the cross sections of the curved channel. The

co-flow interface transfers from vertical distribution at the input end (inset A) to the

Gaussian distribution at the middle of the channel (inset B), and finally to the sandwiched

distribution (inset C). Then two horizontal-focusing sheath flows (H1 and H2) are added in

order to pinch the sample flow into a confined area in the center of the channel (inset D).
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Fig. 2.
CFD simulation results of the cross-sectional flow distribution at the end of the curved

channel without optimization of fluid rates for curvature angles of (a) 90°, (b) 135°, and (c)

180°. CFD simulation results of the cross-sectional flow distribution with an optimized rate

of vertical sheath flow for curvature angles of (d) 90°, (e) 135°, and (f) 180°. In each image,

the inset at the bottom right corner indicates the enlarged focal point of the sample flow.
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Fig. 3.
The 3D architecture of the sample flow during the “microfluidic drifting” 3D focusing

process characterized by the CFD simulation (top row) and confocal microscopy (bottom

row) for devices with different curvature angles (i.e., 70°, 90°, 135°, 180°, and 225°). For

each device, the vertical sheath fluid rates (indicated in the figure) are optimized to achieve

optimum sample-focusing performance. The CFD simulation and confocal microscopy are

performed under the same flow conditions.
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Fig. 4.
(a) Top view of the sample flow pattern during the “microfluidic drifting” 3D focusing

process (5 mm downstream the exit of the 180-degree curve), indicating a focal width of

~2.5 µm. (b) Side-view of the 3D focused sample flow in the main channel, indicating a

focal height of ~2.5 µm and (c) side view of the channel after the flows were stopped.
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Fig. 5.
A summary of sample focusing diameters achieved for devices with different curvature

angles (and their optimized vertical sheath fluid rates). The vertical sheath fluid rate

decreases with increases in curvature angle (continuous blue line). Experimentally, the

focusing diameter reaches minimum at a curvature angle of 180° (indicated by red squares).
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Fig. 6.
Z-stacked fast camera imaging (225,000 fps) results for particle focusing in devices with

different curvature angles:(a) 70°; (b) 90°; (c) 135°; (d) 225°; and (e and g) 180°. Sample

flow rate for all the devices was 25 µl/min while optimized vertical sheath fluid rate for each

device is 410, 337, 180, 110, and 90 µl/min for 70°, 90°, 135°, 180°, and 225°, respectively.

(f) The focusing of 1.9 µm polystyrene beads by the 180° channel device. The focusing

diameter is 2.8 µm. (h) The focusing of 10.11 µm polystyrene beads by the 180° channel

device. The focusing diameter is ~11.61 µm.
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Fig. 7.
(a) A typical diagram of fluorescent peaks detected from the calibration polystyrene beads.

Each peak represents a single polystyrene bead as it passed the laser interrogation region.

The uniformity in the height of the peak indicates the efficacy of 3D focusing of the beads.

(b) The CV results of the calibration beads indicate a single population of polystyrene beads

centered at ~0.425 volts. (c) CV results of same type of polystyrene calibration beads were

drawn from a Beckman and Coulter commercial flow cytometer. The population in this case

centers at ~0.5 volts.
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Fig. 8.
Eight peak rainbow test results. The particle size ranges from 3–3.4µm. It is evident that

180° channel flow cytometry device is capable of distinguishing 8 separate peaks.
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Fig. 9.
(a) A typical diagram of fluorescent peaks detected from the HEK-293 cells. (b) The plot

shows a single population of HEK-293 cells. The population roughly centers at ~0.35V. The

CV is calculated as 13.35 % showing the capability of our “microfluidic drifting” device to

effectively focus and identify a single population of HEK 293 cells. (c) The histogram

indicates a CV of 12.87% using a commercial Beckman and Coulter flow cytometer.
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