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Abstract: Focusing performance is a major concern for systems based on hydrodynamic focusing.
In this study, the hydrodynamic focusing subsystem of a microscopic imaging system was analysed
and modelled. The theoretical model was used to analyse the velocity and distribution range of
sample particles in the focused sample flow in the micro-channel of the hydrodynamic focusing
subsystem, when the velocities of the sample and sheath flows were varied. The results were used
to optimise the coupling velocities of the sample and sheath flows for the microscopic imaging
system, to keep working efficiency and image quality of the system simultaneously. An independent
experiment was then conducted for verification, and the results agreed well with the theoretical
investigation. The results of this study provide a general framework for adjusting the sample and
sheath flow velocities to optimise the hydrodynamic focusing performance.

Keywords: hydrodynamic focusing; optimal coupling velocity; sample flow; sheath flow; micro-
channel

1. Introduction

Microfluidic focusing is used to arrange particles randomly distributed in fluid samples (e.g., water,
blood) and it has been widely applied in many fields, such as biology, clinical research, and oceanology [1].
In flow cytometry, microfluidic focusing is used for counting, analysing, and sorting biological particles.
Microfluidic focusing methods include electro-kinetic [2,3], acoustic [4], and hydrodynamic focusing [5].
Hydrodynamic focusing is based on fluid dynamics and offers two advantages over the other two
methods: it does not need external forces (e.g., electro-kinetic, acoustic) or special requirements for the
sample particles or fluids, which simplifies the system complexity [6], and it can operate effectively at a
high flow rate to achieve a high throughput. These advantages indicate that hydrodynamic focusing
can be used to develop highly efficient and inexpensive micro-flow cytometers [7].

In a hydrodynamic focusing system, the sample flow is generally enclosed and focused by the
outer sheath flow to form a sample flow core, which passes through a predetermined area for further
investigation. The characteristics (e.g., width, velocity) of the sample flow core, which significantly
determine the system performance, mainly depend on the hydrodynamic characteristic of the flows
in the system, microstructure of the flow channel, etc. Some studies have focused on investigating
the theoretical hydrodynamic mechanisms of fluids to optimise the sample flow core for different
applications [8,9]. Wang et al. analysed the focusing force exerted on the sample flow and particles
in the sample flow core and found that it included the flow-induced drag force and inertial lift force.
They also developed an inertial microfluidic focusing chip that only uses the inertial lift force to focus
sample particles into a single position [10]. Panwar et al. examined the focusing performance of their
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microfluidic focusing chip at different Reynolds numbers (Re) and observed that the performance
increased with Re [11]. Many other studies have considered the design or optimisation of flow channel
microstructures [12,13]. Lee et al. designed a microfluidic focusing flow channel after numerically
modelling the focusing effect of different structures and the relative flow rate between the sheath and
sample flows [14]. They also examined the focusing performance of different types of micro-channels
(including symmetric and asymmetric) with different aspect ratios, then proposed an analytical method
for predicting the location and width of the sample flow core in different micro-channels [15]. John et al.
presented a micro-channel with both curved and straight sections to realise microfluidic inertial
focusing. They demonstrated that this channel could passively focus sample particles based on
inertia without the assistance of a sheath fluid [16]. Zhao et al. modelled the focusing behaviour of
a chip-based microfluidic hydrodynamic structure. They developed a novel structure to achieve an
effective focusing performance at a high sample flow rate and reported that the difference in velocities
of the sheath and sample flows should be minimised where they meet to prevent potential mixing [17].

A microscopic imaging system is currently in development that can autonomously collect images
of phytoplankton 10-150 um in size from water samples. This system has adopted hydrodynamic
focusing to arrange disordered particles in the water sample and pass them through the predetermined
imaging area in sequence at an appropriate velocity. The velocities of the sample and sheath flows
are adjusted at the micro-channel inlet. However, previous studies have mostly considered focusing
the sample flow into a single-particle stream or simply noted the range of flow rates employed by
a hydrodynamic focusing system. To the best of our knowledge, no studies have tried to improve
the system efficiency by optimising the coupling velocities of the sample and sheath flows. In this
study, we analysed and modelled the hydrodynamic focusing subsystem of the microscopic imaging
system. The changes in velocity and distribution of sample particles in the imaging area with the
velocities of the sample and sheath flows were theoretically simulated to obtain the optimal coupling
velocities of these flows. The theoretical results were compared with those of a laboratory experiment
for validation.

2. System Overview

As shown in Figure 1, the microscopic imaging system is primarily composed of a hydrodynamic
focusing subsystem and optical imaging subsystem. The former is used to arrange disordered particles
in the water sample and pass them through the imaging area in sequence. The latter takes images of
the particles as they pass through the imaging area.
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Figure 1. Schematic diagram of the configuration of the microscopic imaging system.

The hydrodynamic focusing subsystem comprises a sample pump, sheath flow pump, flow cell,
and conical channel. A water sample is taken by the sample pump and then discharged very slowly
via a fine needle at the central axis of the conical channel. A programmable syringe pump (ZSB-5Y03,
RUNZE Fluid Co., Ltd., Nanjing, Jiangsu, China) equipped with a 500 puL syringe was selected as the
sample pump. The number of steps and speed of each step of the pump can be adjusted separately via
a serial interface (i.e., R5-232 interface), which determines the flow rate of the pump from 0.142 pL/s
to 36.1 uL/s. At the outlet of the fine needle, the water sample is enclosed by a much faster outer
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sheath fluid generated by the sheath flow pump. The sheath flow pump was a peristaltic pump
(BT100-2J, Longer Precision Pump Co., Ltd., Baoding, Hebei, China) with a flow rate of 0.3-366.6 pL/s
and precision of 0.3 puL/s. The sheath flow aligns the particles of the injected water sample in sequence
and keeps them in the centre. These particles enter the flow cell underneath the conical channel,
and they are focused along the centre axis of the micro-channel, ideally. The silicon flow cell has a
square micro-channel with a cross-section of 200 x 200 um, which is wide enough to allow particles as
large as 150 um in diameter.

The optical imaging subsystem comprises a charge-coupled device (CCD) camera, a flash lamp,
two objective lenses, and a convex lens. The CCD camera (GC1380H, Allied Vision Technologies
Canada Inc., Burnaby, BC, Canada) is equipped with an objective lens having a magnification of 10x,
and it is focused on the centre axis of the micro-channel (i.e., imaging area) to take images of the
particles as they pass through. The camera has an image resolution of 1360 x 1024 pixels, and each
pixel has a size of 6.45 X 6.45 um. These dimensions were appropriate for our study because the target
particles had a size of 10-150 pm. The light emitted by the flash lamp (L9455-01, Hamamatsu Photonics
Co., Ltd., Shizuoka, Japan) is guided by an optical fibre and is focused on the imaging area by the
lens group (i.e., the combination of the objective lens and convex lens) to illuminate the imaging area.
The flash lamp has a maximum repetition rate of 182 Hz and maximum input energy of 27.5 m] per
flash, which are vital to reducing the potential smear of particles in the images.

Because of the working mechanism of the system described above, particles in the micro-channel
are always in motion. To take a clear image of these moving particles, two conditions need to be met.
First, the particle should be within the depth of field (DOF) of the imaging device (i.e., the CCD camera
and objective lens), which refers to the distance interval between the nearest and farthest objects
sharply focused in an image. Second, the velocity of a particle in the imaging area should be optimised.
An overly slow velocity reduces the working efficiency of the system, whereas an excessively fast
velocity smears the particles in the image and reduces the imaging quality. The particle velocity is
primarily determined by the velocities of the sample and sheath flows, geometry of the flow channel,
etc. To ensure the working efficiency and image quality of the system, these two requirements must be
satisfied simultaneously. We did this by optimising the coupling velocities of the sample and sheath
flows via numerical modelling and validating the simulation results through a laboratory experiment.

3. Theoretical Optimisation of the Coupling Velocities

A theoretical model was built to represent the hydrodynamic focusing subsystem.
Different combinations of the sample and sheath flow velocities were inputted to the model to
investigate changes in the focusing performance (i.e., velocity and distribution range) of particles in
the micro-channel and to determine the optimal coupling velocities of the sample and sheath flows.

3.1. Theoretical Model

As shown in Figure 2, a symmetric 3D model was adopted because the flow cell in the
hydrodynamic focusing subsystem is symmetric and the conical channel is axisymmetric. These two
parts were treated as a whole because they are tightly and physically connected. The model had
two inlets and one outlet. One inlet was located at the axis of the conical channel to represent the
entrance of the sample flow. It was surrounded by another inlet, which represented the entrance of the
sheath flow. The outlet was placed at one end of the flow cell. Because the sample and sheath flows
were independent, their velocities could be adjusted separately to examine the focusing performance.
The relevant constants used in this model are listed in Table 1.
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Figure 2. Cross sectional view of the theoretical model, indicating its geometric dimensions, inlet and
outlet of the flows. @ indicates diameter, L indicates length, and W indicates width.

Table 1. Constants adopted in the theoretical model.

Description Expression Description Expression
L, 9.9 mm @, 5.85 mm
Ly 5 mm Dy 1 mm
L; 5.75 mm D, 2 mm
a 30° Dy 1 mm
W, 0.2 mm

In the micro-channel, the sample particle goes along the focused sample flow. To ensure a clear
image of a moving particle, its motion in the micro-channel should be very stable and smooth;
this requires laminar flow. Re was adopted as an indicator of laminar flow. It measures the ratio of
inertial to viscous forces acting on particles flowing in a channel:

_ PumDh
u 7

Re @D
where p is the fluid density, u is the coefficient of viscosity of the fluid, U, is the maximum velocity of
the fluid, and Dy, is the hydraulic diameter of the channel. This can be expressed as

Dy = 5 = W @
where A is the cross-sectional area of the channel, P, is the wetted perimeter, and W, is the channel
width. By replacing Dy, with Equation (2) and U, with the maximum velocity V4, in the micro-channel,
Equation (1) can be rewritten as
P VinaxWa

—# .

Two parameters were used to evaluate the focusing performance: the width of the focused sample
flow Wg, and particle velocity V). Because the micro-channel had a laminar flow, the motion of the
sample flow could be described via Navier—Stokes (N-S) equations. Three assumptions were used to
investigate W, [15]:

Re 3)

1. The fluid is Newtonian. For a Newtonian fluid subjected to shear, the resulting strain rate ¢y, is
linearly related to the applied stress 7y, which is numerically expressed as Ty, = 2uéeyy, [18].

2. The flow in the micro-channel is steady.

3.  The density of the fluid in the channel is uniform.

Based on the above assumptions and theory of hydrodynamics, Wy, primarily depends on the
width of the square micro-channel W, and velocities of the sample flow Vy, and sheath flow Vg,.
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According to the hydrodynamics principle, in a straight square channel (i.e., square channel in Figure 2),
the velocity profile V of a fully developed laminar flow can be formulated as [19]

Vo 4W,2 (_ dP) E (-1)" {1 B cosh[(2n + 1)mx/W,] } o8 (2n+ 1)z 4

~umd \ dy Ji=o 2n+1)° cosh[(2n + 1)1t /2] W, 7

where x, y, z are the coordinates (Figure 2), W, is the channel width, and P is the pressure. In a laminar
flow, the velocity is along the axial direction of the channel. In each cross-section of the square channel,
the velocity gradually decreases from the maximum at the centre to zero at the inner surface of channel.

3.2. Theoretical Simulation

3.2.1. Parameters for Guiding and Evaluating the Theoretical Simulation

Two parameters were adopted to evaluate the results of the theoretical simulation: the DOF of the
imaging device and optimal particle velocity V), _o,. For the optical imaging subsystem, the DOF can be
calculated as on pon

DOF_W—FM—‘NA' ®)
where A is the wavelength of light with a value of 550 nm,  is the refractive index of water and glass
with a value of 2, and p is the pixel size of the CCD camera (i.e., 6.45 pm). NA and M are the numerical
aperture and magnification, respectively, of the objective lens with values of 0.25 and 10, respectively.
Thus, the DOF was calculated to be 22.76 pm.

V),_op represents the critical particle velocity; above this value, the smear of the particle in the image
collected by the CCD camera will be serious and unacceptable. Because there is no rigorous definition
for calculating V)_oy, an empirical formula was adopted to approximate it. From Olson et al. [20],
a smear of 7.5 pixels was thought to be acceptable for sample particle (i.e., beads) as small as 20 um.
In this study, since the size of the smallest sample particle (i.e., 10 pm) was half of 20 um, a smear of
3.75 pixels was thought to be appropriate. Therefore,

3.75¢ = M-t Vy_op, (6)
Conversely,
3.75e
Vi op = Mt 7)

where e and t are the pixel size and exposure time of the camera, respectively. For the optical imaging
subsystem, a flash lamp was used instead of the shutter of the CCD camera to control the exposure time
because the emission pulse duration of the former (i.e., ~1 us) was far shorter than the shutter duration
of the camera (i.e., 10 ps). By substituting the values of 1 us and 6.45 um into ¢ and e, respectively,
in Equation (7), V},_gp was calculated to be 2 m/s.

3.2.2. Details of the Theoretical Simulation

We investigated the motion of particles in the micro-channel following the theoretical model
in Section 3.1 by using COMSOL Multiphysics (COMSOL Inc.). The sheath and sample flows were
modelled in the laminar flow regime and were considered incompressible. The sample flow velocity
was modelled at five values from 1.8 mm/s to 9 mm/s, which corresponded to flow rates from 1.42 to
7.10 uL/s of the sample pump. At each sample flow velocity, the sheath flow velocity was modelled
at five values of 1, 1.5, 2, 3, and 4 mm/s, which corresponding to flow rates of 25.5, 38.2, 51.0, 76.5,
and 102 pL/s for the sheath flow pump. The velocities of the sample and sheath flows were selected
to ensure that V), ,, was within the velocity range of particles in the micro-channel. Each sample
particle with the same velocity was distributed at a grid point of the inlet. All particles were released
simultaneously (i.e., t = 0 s) at the beginning of the simulation to trace their range. Because the sample
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flow and sheath flow velocities each had five test values, 25 groups of simulations were conducted in
total. For each simulation, the particle distribution range and velocity and the flow velocity profile were
recorded to evaluate the focusing performance of the hydrodynamic focusing subsystem. The relevant
constants used in this simulation are listed in Table 2.

Table 2. Constants of the liquid and sample particles used in the theoretical simulation.

Description Expression
Density (liquid) 1 x 10® kg/m3
Viscosity (liquid) 1x103 Pas
Density (particle) 1050 kg/m3
Diameter (particle) 1x10°m
Temperature 293.15K

3.3. Theoretical Simulation Results

3.3.1. Sample Particle Velocity V,

In this study, the sample particle velocity V), in the micro-channel primarily depended on the
sample flow velocity Vs, and sheath flow velocity V. To determine V), p, we needed to evaluate
how V), is affected by Vs, and V. We observed that the flow velocity V increased rapidly from the
conical channel to the square micro-channel and remained almost steady for most of the micro-channel
(Figure 3a). The flow velocity V in the micro-channel gradually decreased from the maximum value
at the centreline (i.e., x = 0, z = 0) to zero at the inner surface of the channel in a parabolic manner
(Figures 3b and 4), at each horizontal cross section the micro-channel. Therefore, a polynomial function
could be adopted to represent V as a function of x by:

V(x) = ax® + bx +c, (8)

where g, b, and ¢ are the least-squares fitted coefficients (Table 3). And the goodness of the fit indicated
by R? are all better than 0.9715. These results agree with theoretical analysis in Section 3.1 and
indicate that the micro-channel has a fully developed laminar flow [19]. The sample particles were
closely focused around the central axis of the micro-channel (Figure 3c,d), which indicates that the
hydrodynamic focusing subsystem functioned well. Meanwhile, the particle velocity was very close to
the flow velocity in the micro-channel.

Y =27 Vi
r max
wi2 | P /‘

a4
Middle
section

Flow direction
Middle
imaging area

V(x, z)

y Vi S ;

(@) (b) (© (d)

Figure 3. Flow velocity profile at (a) vertical cross section and (b) horizontal cross section of the
micro-channel. Sample particle velocity profile at (c) side view and (d) the middle imaging area of

the micro-channel.
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Figure 4. Flow velocity V as a function of x for five sheath flow velocities V, at the sample flow velocity
Vs of 1.8 mmy/s.

Table 3. The fitted coefficients of flow velocity V versus x at five demonstrative sheath flow velocities
Vi, at the sample flow velocity Vi, of 1.8 mm/s.

Vs, (mm/s) a b c R?
1.0 -1.358 x 108 2.720 x 10* 0.04044 0.9977
1.5 -1.956 x 108 3.920 x 10* 0.07649 0.9977
2.0 -2.503 x 108 5.018 x 10* 0.1286 0.9925
3.0 —3.448 x 108 6.923 x 10* 0.2786 0.9826
4.0 —-4.273 x 108 8.591 x 10* 0.4718 0.9715

As noted above, the sample particle velocities across the cross-section of the micro-channel were
very similar. To facilitate the analysis, we selected the particle velocity at the intersection of the central
axis and middle cross-section of the micro-channel to represent V),. Figure 5a shows that V), increased
linearly with Vg, for all values of V. The increasing rate was very close for all Vs, values, but the
intercept increased with V. Therefore, a linear function was adopted to represent V), as a function of
Vg, at each Vg;:

Vp(vsh) = as, Vs + bgp, )

where ag, and by, are the least-squares fitted slope and intercept, respectively. The goodness of each fit
was better than 0.9999 (Table 4). V) also increased in a strongly linear manner with increasing Vi, at
each Vg, as shown in Figure 5b. Thus, we fitted a linear relationship to V), and V:

Vp(Vsa) = asqVsq + bsa, (10)

where a5, and b, are the least-squares fitted slope and intercept, respectively. We found that the
fitted intercept by, increased slowly with increasing Vs, (Table 4), while the intercept of by, increased
significantly with increasing Vy, (Table 5). The fitted slope a5, was almost 40 times greater than the
fitted slope as;, which indicated that the sample particle velocity was much more dependent on the
sheath flow velocity than the sample flow velocity. This result was attributed to the fact that the sheath
flow had a much greater flow rate than the sample flow in the micro-channel.
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Figure 5. Sample particle velocity V) as a function of (a) sheath flow velocity Vy, at five different
sample flow velocities Vi, and (b) V, at five different V. The dashed line in (a) represents the critical
particle velocity V) o (i.e., 2 m/s).

Table 4. The fitted coefficients of sample particle velocity V), versus sheath flow velocity Vg, at five
different sample flow velocities V.

Vsa (mm/s) Ash bsp, R?
1.8 0.9710 0.4379 0.9999
3.6 0.9664 0.4980 0.9999
54 0.9624 0.5562 0.9999
7.2 0.958 0.6155 0.9999
9 0.9541 0.6731 0.9999

Table 5. The fitted coefficients of sample particle velocity V), versus sample flow velocity Vs, at five
different sheath flow velocities V.

Vg, (mm/s) Asa bsa R?
1.0 0.03126 1.295 0.9999
15 0.02899 1.859 1
2.0 0.02712 2.381 1
3.0 0.02491 3.339 1
4.0 0.02408 4.238 1

3.3.2. Width of the Sample Particle Stream W,

Figure 3c,d show that the sample particles were focused around the central axis of the micro-channel
for each combination of sample and sheath flow velocities. However, the width of the particle stream
Ws,, which indicated the distribution range of the sample particles in the micro-channel (i.e., imaging
area), changed differently depending on Vg, and V. Wy, decreased with increasing Vg, and the
decreasing rate decreased with increasing Vg, at each V, (Figure 6a). In contrast, W, increased with
increasing V,, but the increasing rate decreased with increasing Vi, for each V, (Figure 6b). Hence,
the following general power functions were used to represent W;, as functions of Vy, for each Vy, and
Vs, for each V:

Wea (V) = fvfh +h, (11)

Wsu(vsu) - fvfa + h/ (12)

where f, g, and & are the least-squares fitted coefficients. The goodness of the fit values are all better
than 0.9981 (Tables 6 and 7). The power coefficient ¢ was relatively stable, and smaller and bigger than
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0 for Equations (11) and (12) separately. This phenomenon was in good agreement with the trend
of Wy, changing with V, (Figure 6a) and V, (Figure 6b), respectively. In contrast, the coefficient f
increased significantly with faster sample velocities Vs, for Equation (11) and decreased significantly
with faster sheath velocities Vg, for Equation (12). These results indicated that a faster sheath flow and
a slower sample flow were needed to narrow Ws,.

35 T
/A 1.8 mm/s A 1.0 mm/s
30 t O 3.6 mm/s|] 1| O 1.5mm/s
O 5.4 mm/s O 2.0 mm/s
25 | () 7.2 mm/s| | L (> 3.0 mm/s
’é\ + 9.0 mm/s + 4.0 mm/s
Z 20}
> 3
15t
10
a
o |
0 1 2 3 4 5 0 5 10

V., (mm/s) V_ (mm/s)

Figure 6. The width of sample particle stream Ws, as a function of (a) sheath flow velocity Vy, at five
different sample flow velocities Vi, and (b) V, at five different V. The dashed line in (b) is half of the
depth of field (DOF) of the imaging device (i.e., 11.38 um).

Table 6. The fitted coefficients of the width of sample particle stream W, versus sheath flow velocity
Vg, at five different sample flow velocities V.

Vsq (mm/s) f g h R?
1.8 14.74 —-0.4826 1.194 0.9984
3.6 26.65 —-0.3364 —4.780 0.9999
5.4 30.82 -0.3316 —-4.905 0.9981
7.2 39.71 -0.2841 -10.18 0.9999
9 37.95 -0.3312 -5.471 0.9996

Table 7. The fitted coefficients of the width of sample particle stream W, versus sample flow velocity
Vs at five different sheath flow velocities V.

Vg, (mm/s) f g h R?
1.0 14.27 0.4037 -2.128 0.9999
1.5 12.77 0.3944 -2.831 0.9992
2.0 11.68 0.3953 -3.006 0.9998
3.0 7.725 0.4596 -0.2743 0.9999
4.0 6.006 0.4949 0.6476 0.9999

3.3.3. Optimisation of Vg, and Vs,

To ensure the working efficiency of the microscopic imaging system and take clear images of the
sample particle, the sample particle velocity V), should be no more than V), o, (i.e., 2 m/s), and the
distribution range of the sample particle W, should be no more than the DOF (i.e., 22.76 pm) in the
imaging area of the micro-channel. We investigated the optimal coupling velocities of the sheath and
sample flows based on the above theoretical simulation to meet these two requirements concurrently.

We first set V) to V),_op in Equation (9) to obtain the corresponding V, for each of the five simulated
Vs values (i.e., five crosses on the dashed line with each fitted line in Figure 5a). The five pairs of V,
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and Vi, showed that V, linearly decreased with faster Vg, (triangles in Figure 7). Therefore, a linear fit
was adopted to represent Vs, as a function of V,:

Ve = —36.11V, + 59.31. (13)

10

1 1.5 2 2.5 3 3.5 4
V., (mm/s)
Figure 7. Sample flow velocity Vs, as a function of sheath flow velocity Vg, when velocity and

distribution range of the sample particle are V), 4, and DOF, respectively. The intersection of the two
fitted lines is the optimised Vg, and V.

The goodness of the linear fit was better than 0.9999 as indicated by R2. We then set Wy, to the
DOF in Equation (12) to obtain the corresponding V¢, for each of the five simulated Vg, values (i.e.,
five crosses on the dashed line with each fitted curve in Figure 6b). V, linearly increased with faster
Vs (circles in Figure 7). Thus, we applied a linear fit to the relationship between Vg, and V:

Ve = 0.7783V, + 0.1212. (14)

The goodness of the linear fitting was better than 0.9995 as indicated by R?. Then, we obtained
the optimised V, and V,;, which were represented by the intersection of the two lines determined by
Equation (13) and Equation (14) (Figure 7). The theoretical optimised Vg, and Vs, were 1.6045 and
1.3700 mm/s, respectively, which corresponded to sheath and sample flow rates of 40.9950 ulL/s and
1.0755 plL/s, respectively.

4. Experimental Verification

4.1. Experiments

Figure 8 shows an experimental prototype of the microscopic imaging system that was built to
verify the optimal sample and sheath flow velocities from the above theoretical calculation. The key
components were the same as those introduced in Section 2. The sample and sheath flow velocities at
the entrance of the flow cell were adjusted with a syringe pump and peristaltic pump, respectively.
The CCD camera was focused on the middle of the micro-channel (i.e., imaging area) and covered
the entire channel width to monitor the movements of the flows and particles. Three types of water
samples were fabricated and used in the experiment. Preliminary examinations showed that the smear
of a polystyrene spherical bead (Thermo Fisher Scientific, Inc.) was much more significant than that of
real phytoplankton; this was likely due to that the bead behaved like a micro-lens which focused the
incident light at its focal point located on the axis passing by the center of the sphere. Thus, water
sample 1 was made from polystyrene spherical beads dissolved in deionised water; this was used to
mimic phytoplankton in water and examine how the sample particle velocity is affected by the sample
and sheath flow velocities. The beads were spherical and had a nominal diameter of 12 pm and density
of 1055 kg/m3. Water sample 2 was made of seawater containing Heterosigma akashiwo, which is a
small phytoplankton with a diameter of 8-25 um. This was used to test the image quality taken by the
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prototype with real phytoplankton. Water sample 3 was made with black dye ink to test the width of
the sample flow core Wj, in the micro-channel.

Sample pump
CCD camera

Sample inlet

.~ Convex lens

Fi‘per

Objective lens

Sheath  Flash .
“pump  lamp

Figure 8. Experimental configuration of the microscopic imaging system. The flow cell is enlarged and
shown in the dashed box.

The CCD camera was used to take images of water sample 1 in the micro-channel with varying
sample and sheath flow rates to examine their effects on the sample particle velocity. The sample
flow rate was set to 1.42, 2.84, 4.26, 5.68, and 7.10 uL/s. For each sample flow rate, the sheath flow
rate was set to 25.5, 38.2, 51.0, 76.5, and 102 pL/s. Therefore, 25 groups of measurements were taken
corresponding to these combinations. For each measurement, the CCD camera was set up to collect
images at a frequency of 30 Hz. The width of the sample flow core W, was investigated in a very
similar manner, except that sample 3 was used instead of sample 1. We tested the image quality of the
prototype with water sample 2 at a sample flow rate of 1.133 uL/s and sheath flow rate of 41.0 pL/s,
which were the closest to the theoretically optimal flow rates that could be generated by the prototype.
Two different sheath flow rates of 25.5 and 76.5 uL/s were also considered for comparison.

4.2. Experimental Results

4.2.1. Smear of Sample Particles

Directly measuring the sample particle velocity in the micro-channel is demanding, and it requires
expensive measurement devices. The above simulation had shown that the sample particle velocity in
the imaging area was very steady (Figure 3). Alternatively, the smear of the sample particle can be
considered proportional to the sample particle velocity; thus, it was used to evaluate the influence
of the sample and sheath flow velocities. The measurements of water sample 1 showed that most
of the polystyrene beads were imaged clearly (Figure 9). The smear length Ls (i.e., length of the
bright tail behind each bead) was quantified by the number of pixels along the horizontal axis passing
through the centre of the particle. At each combination of velocities of the sample flow and sheath
flow, we randomly selected 20 images and calculated L;. The results denoted that Ls; was relatively
stable and the absolute value of the discrepancy was no higher than 10% for each group of 20 images.
The discrepancy was probably due to pulsation of the sheath pump and contrast change of the image.
We observed that Ls increased significantly with the sample and sheath flow velocities which agreed
with the above assumption that L; was proportional to the sample particle velocity.
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Figure 9. The smear length of water sample 1 Ls at five experimental sheath flow rates of (a) 25.5 uL/s,
(b) 38.2 uL/s, (c) 51.0 uL/s, (d) 76.5 uL/s, (e) 102 uL/s and (f) the optimised flow rate of 41.0 uL/s.
The sample flow rate is 1.42 pL/s.

To compare the experimental results (i.e., Ls) with the simulation results (i.e., V},), we normalised
each group of measurements as follows:

Xnor - (X - Xuvr) / (Xmax - Xmin)/ (15)

where X0, is the normalised data, X is the original data, X, is the average of the group of measurements,
and X and X,,;, are the maximum and minimum, respectively, of the group of measurements.
After we normalised L;, we found that the normalised smear length Ls" increased linearly with
increasing Vg, and V, (points with different marker styles in Figure 10). Therefore, Ls" can be
represented as the following linear functions of Vs, and Vg,:

Ly(Va) = “;h Vs + b;hr (16)

Li(Vsa) = ag,Vsa + b, 17)

where ag,’, by, a5, and bs,” are the least-squares fitted coefficients (Tables 8 and 9). The goodness
of the linear fitting indicated by R? for Equation (17) was not comparable to that of Equation (16),
possibly ascribing to that the particle velocity in the micro-channel was dominated by the sheath flow.
Similarly, we normalised V), according to Equation (15) and observed that the normalised sample
particle velocity Vp” also increased linearly with increasing Vg, and V. As a result, Vp” can be
represented by the following linear functions of Vg, and Vs, (solid lines in Figure 10):

Vy (Van) = a3, Ve +1, (18)
Vll; (VSLZ) = a;’aVsa + b;’u, (19)

where ag,”, bg,”, as,”, and bg,” are the least-squares fitted coefficients (Tables 8 and 9). The goodness
of the linear fitting are all better than 0.9984. Figure 10a shows that Ly’ (points with different marker
styles) was uniformly distributed on both sides of each fitted V,” (solid line) for each V,. Meanwhile,
the fitted slope ay,” was very close to the fitted slope of a5,” (Table 8). Similarly, the general trend of
Ls" with Vi, also agreed well with that of V},” with Vj, for each V, (Figure 10b, Table 9). The root
mean square error (RMSE) between Ls” and V),” was no higher than 0.02 for each group of V, at each
Vs (Figure 10a) or each group of Vs, at each Vy, (Figure 10b), which indicated that the laboratory
experiment agreed well with theoretical simulation.
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Figure 10. Normalized smear length Ly’ (the points with different marker styles) and normalized
particle velocity V},” (the solid lines) as a function of (a) sheath flow velocity V¢, at five different sample
flow velocities Vg, and (b) Vg, at five different V,.

Table 8. The fitted coefficients of Ls" and V},” versus sheath flow velocity V, at five different sample

flow velocities V.

Ly’ (Experiment)

V,” (Simulation)

Vsq (mm/s)
ash, bsh, R? ash” bsh” R?
1.8 0.3069 —0.7664 0.9895 0.3129 —0.7514 0.9984
3.6 0.2899 —0.6976 0.9776 0.3114 -0.7320 0.9985
54 0.2789 —0.6286 0.9961 0.3101 -0.7133 0.9986
7.2 0.2820 —-0.6211 0.9831 0.3087 —0.6942 0.9987
9 0.2816 —0.5969 0.9813 0.3075 —0.6756 0.9987

Table 9. The fitted coefficients of Ls" and V},” versus sample flow velocity Vs, at five different sheath

flow velocities V.

Ls’ (Experiment)

V,” (Simulation)

Vg, (mm/s)
as,’ bsa’ R? asqa” bsy” R?
1.0 0.02075 —0.5371 0.7647 0.01008 —-0.4751 0.9999
1.5 0.01336 —0.2763 0.7921 0.009341 —0.2933 1
2.0 0.01864 —0.1504 0.9760 0.008741 -0.1253 1
3.0 0.01864 0.1148 0.8940 0.008026 0.1834 1
4.0 0.006681 0.4275 0.7177 0.007761 0.4731 1

Figure 11 show the images of water sample 2 taken by the prototype at three different sheath flow
rates. The smear of H. akashiwo was not as sensitive as that of the polystyrene bead to different shear
flow velocities. At the theoretically optimal sample and sheath flow rates, the smear of the H. akashiwo
was not very significant, and the shape of the phytoplankton could be clearly identified (Figure 11b).
In contrast, with the faster sheath velocity, the shape of the phytoplankton became blurred (Figure 11c).
The results indicated that the theoretically optimal sample and sheath flow rates obtained in this study
are applicable to the microscopic imaging system.
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Figure 11. Images of water sample 2 at three different sheath flow rates of (a) 25.5 uL/s, (b) 41.0 uL/s
(i.e., the closest to the optimised sheath flow rate), and (c) 76.5 puL/s. The sample flow rate is 1.133 pL/s
(i.e., the closest to the optimised sample flow rate). The three photos in each row are taken under the
same sample and sheath flow rates.

4.2.2. Width of the Focused Sample Flow Stream W,

Figure 12 shows that water sample 3 was precisely focused into a narrow stream in the
micro-channel and passed through the imaging area very smoothly with each combination of the
sample and sheath flow velocities. The focused stream was not at the central axis of the micro-channel
because the fine needle used to discharge the sample flow was not installed exactly at the central axis
of the conical channel. The width of the focused stream Wj, changed with the sample flow velocity Vi,
and sheath flow velocity Vg,. Wy, decreased gradually with increasing Vg, and the decreasing rate
decreased with increasing V, for each V, (Figure 13a). The experimental relationship between Wy,
and Vg, agreed with that in the theoretical simulation: Wy, increased with V,, but the increasing rate
decreased with increasing Vi, for each V, (Figure 13b). Each group of experimental measurement
data (discrete points in Figure 13) was uniformly distributed on both side of each fitted curve (solid
curves in Figure 13) derived from the theoretical simulation in Section 3. The absolute value of the
discrepancy between the theoretically calculated value and the experimental value was no higher than
6% for each group of sheath and sample flow velocities, which meant that our model could properly
predict the width of the focused sample flow stream in the micro-channel.

Figure 12. Images of sample 3 at the sheath flow rate of 25.5 uL/s and sample flow rate of 2.84 uL/s.
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Figure 13. The width of sample particles stream Wj, as a function of (a) sheath flow velocity V, at five
different sample flow velocities Vs,, and (b) Vs, at five different V. In this figure, the discrete points
with different marker styles derive from the experimental measurement. Whereas, the solid curves
derive from the theoretical simulation conducted in Section 3, which are the same as those shown in
Figure 6.

5. Conclusions

The optimal coupling velocities of the sample and sheath flows of a microscopic imaging system
were investigated to ensure its working efficiency and imaging quality. The hydrodynamic focusing
subsystem was analysed and modelled with a symmetrical 3D model. The changes in the velocity V),
and distribution range W, of the sample particle in the imaging area with the sample flow velocity Vs,
and sheath flow velocity Vg, were theoretically simulated. The results indicated that V), increased with
both Vs, and V. The slope (i.e., increasing rate) of V, was much bigger with increasing Vi, than with
increasing V,;, which indicates that V), is much more dependent on V¢, than on V. Wy, decreased
with increasing V;,, and the decreasing rate decreased with increasing V,. However, Wy, increased
with Vg, and the increasing rate decreased with increasing Vs,;. These results were used to obtain
the theoretically optimal coupling velocities of the sample and sheath flows. A prototype of the
microscopic imaging system was built, and the changes in V, and Wy, with different Vg, and Vg,
were experimentally examined. The experimental results agreed well with the theoretical results.
This indicates that the optimal coupling velocities of the sample and sheath flows are applicable to the
microscopic imaging system.

Although the results obtained in this study are promising, several aspects might benefit from
improvement. First, we investigated the optimal coupling velocities of the sample and sheath flows in
the micro-channel using microparticle as small as 12 um. Whereas, the size range of the sample particle
for the microscopic imaging system was 10-150 pm. The size change of the sample particle might lead
to the variation of the particle Raynor number, which may lead to variation of the particle motion in
the micro-channel and the optimal coupling velocities of the sample and sheath flows. Even though
the influence of particle size may not be significant to this study [21], it should be investigated in more
detail in future for rigor. Second, the direct measurement of velocities of the sample particle and flow
in the micro-channel will be more intuitional to reflect the influence of velocities of the sample flow
and sheath flow, and more convenient for the investigation of the optimal coupling velocities of the
sample flow and sheath flow. Finally, fluorescent microbeads will be considered in future to examine
the smearing effect of the beads under different velocities of the sample flow and sheath flow [22].
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