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Abstract

Graphical abstract

In microfluidic applications, in order to produce the high yield of desired product, the
study of particle migration is very important to enhancement and increases the
efficiency of positioning and sorting process. One of an effective and robust method for
visualization imaging, passively positioning and sorting microparticles and cells without
the assistance of sheath fluid is electrical capacitance. In this study, to study the
behavior of particle migration, a fine particle concentration in a cross-sectional
microchannel is determined for the high dense initial particle concentrations (§=10.0%)
and small particle diameters (dp= 2.1 um) by using a high speed multiplexer and 12 multi-
layer electrical capacitance tomography (ECT) sensing to discuss the stream migration
along five cross-sections. The polystyrene particles as solid phase and non-conductive
deionized water as a liquid phase are non-uniformly injected into the inlefs
microchannel. From the electrical capacitance distribution, the tomography images that
show the equilibrium particle migration is reconstructed by used the Tikhonov
regularization method. It has been observed that the particle concentration at the wall
vicinity area is increased as € and dp are increased while the particle concentration at
the center area is decreased. It shows the particles are moved away from the center
towards wall vicinity area and particles migrated towards the wall increased in the outlet
area as the particles move along the cross-sectional microchannel. The experimental
result is verified with the COMSOL simulation.

Keywords: Capacitance cross-sectional microchannel, mulfi-layer electrodes, particle
concentration distribution, stream transitional migration, tomography
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1.0 INTRODUCTION

channel and tube geometries [1]. Numerous studied
on the particles migration in a large pipe scale are

Particle migration is observed to occur regularly from
large pipe to micro scale, particularly when
suspending fluid is aqueous and thus of low viscosity.
Generally, suspended particles are known to migrate
in a pressure-driven flow aft the finite-inertia conditions.
This is called tubular a pinch phenomenon, successfully
described by a theory for a point particle limit in the

reported since early 1962. The particle migration effect
was first observed by Segre and Silberberg [1] for dilute
suspension flow (<1.0%) through pipe with Reynolds
number (Re) based on pipe width (D) is in the interval
from Re=2-700. They observed that the particles
concenfration is  non-uniform  with  maximum
concenfration being at radial position 0.6D; from the
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centerline. Since that, it has triggered a series of
experiment and theoretical studies on the particles
migration regarding in a tube, channel and Couette
flow, and a laden with neutrally-buoyant particles and
in circular pipes or planar channels [2-5].

As well as in a large pipe scale, researchers become
attfracted to investigate the particle migration in a
micro scale size [6-10]. Normally, the length of the
microchannel is in the order up to several hundred
microns. Due to this condition, the transported
particles are in order of less than 10 um. nowadays the
particle migration in a micro scale can be ufilized in a
wide range of application such as for used of
separating biological particles [11-12] or focusing on
DNAs [13] in case of capillary-based microchannels
with the dilute suspension flows. Consequently, the
concept of the inertial particles migration in much
type of the channel geometries and condition has
been demonstrated [8-13]. Normally, to measure 3D
inerfial  particle migration based on particles
concentration in the microchannel, a micro particle
image velocimetry (u-PIV) is often used. The earliest
experiments in the micro scale on the inertial particles
migration within a verfical channel flow were
performed by [14-15]. Their studied has showed
particle migrates towards the wall vicinity area when it
leads undisturbed flow and whereas in the case of less
particle velocity, the migration in the opposite
direction will take place [16-18]. In addition, the
particles migration is reported to affect particles
advection and particle interactions to move from
center streamline toward wall vicinity area. It has been
clarified through a number of previous experiments,
particle migration strongly depends on the particle
size; where the small particles tend fo migrate toward
wall vicinity area and cause a wall-peak particle
distribution, whereas the larger particles tend fo
migrate toward center area and results in core-peak
parficle distribution. However, the y-PIV and typical
optical visuadlization technique used in aforesaid
previous studies is not applicable for a dense particle
concenfration (€21.0%) within a vertical cross-section
since opftical beam is scattered.

Thus, fo overcome of this drawback, an electrical
tomography measurement has a high possibility to
measure a dense particle concentration in the
particle-liquid phase flows. The multi-layer
capacitance measurement; electrical capacitance
tomography (ECT) is used to measure the particles
concenfration distribution at vertical cross-section
based on the variafion of the dielectric materials
permittivity and capacitance distribution [19-20]. In the
ECT technique, a sensor containing several electrodes
is wrapped around circumference pipeline, and the
capacitances distribution between the electrodes is
measured. But, the prior typical wet process and
conventional silicon efching process are available for
hole type cross-section, which not available for the
microchannel cross-section.

Thus, to resolve the problem of the conventional
technique, in our previous studies, a microchannel with
12 multi-layer electrodes is successfully fabricated
using micro-electro-mechanical-systems processes
[21]. Our multi-layer microchannel has a possibility to
visualize spatial transition of £=3.0% particles in the
vertical cross-section [22]. In addition, we investigated
the effect of dp=1.3, 1.5 and 2.1 um on the particle
migration in the microchannel by using the multi-layer
capacitance technique [23-24]. Although the particles
migration induced by inertfial lift forces in the
microchannel is a unique motion, however the detail
studied is still required and not fully understood in terms
of stream fransitional as well as the dense inifial
particles concentrations.

Therefore, in this work, we focused on the stream
cross-sectional migration as a parameter of the cross-
sectional positions from the upstream; at z=0 mm fo
the downsfream cross-section; at z=20 mm based on
the multi-layer capacitance technique. The dense
cross-sectional particle concentration; §=3.0-10.0% and
migrafion are determined and compared with the
COMSOL simulation.

2.0 EXPERIMENTAL
2.1 Experimental Set-up

The experimental is set-up composed of two syringe
pumps, microchannel, capacitance tomography and
a computer. The syringe pumps (IC3100 [KDS100], KD
Scientific, USA; dimension: 23x15x12 cm with a
minimum step rate is 1 step per 30 s) are used to
control the flow rate within 60 mL into the two inlets of
the microchannel.

Microchannel of the microfluidic device is used in
this study to investigate the behaviour of particle
migrafion. The Y-shape microchannel has two inlets,
two ouflets and has five cross-sections embedding
with 12 mulfi-layered electrodes. This microchannel
embedded with a connector, sensor electrode and
circuit board. The stable connection system is
constructed in the microchannel in order to avoid
unstable measurement conditions between the
microchannel electrode tail and a capacitance
measurement system and to consider the noise effect.
The connection system is comprised of spring pins, top
and bottom circuit boards, pin connectors and a
central board [21]. The spring pin connects electrically
the electrode tail and the circuit board. The detailed
configuration of the microchannel used in this study is
shown in Figure 1. Figure 1(a) shows the fthree-
dimensional view of the microchannel and (b) shows
the cross-sectional view of microchannel.
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Figure 1 Microchannel embedding 12 multi-layered
electrodes with (a) Three-dimensional view and (b) Cross-
sectional view

The microchannel has two inlets with angle 6=30° as
shown in the left side of Figure 1(a) for flow injection,
and two outlets with angle 6=30° as shown in the right
side of Figure 1(a) for flow discharge. There is a straight
diamond-shaped section in microchannel with length
of zz20 mm which is the main flow channel. This
straight section of the microchannel has five cross-
sections each separated by the distance of 5 mm.
Each of these cross-sections has 12 multi layered
electrodes. The cross-sectional dimensions i.e. channel
width is D=700 um. The origin of the coordinate system
X, y and z is located at the center point of the
diamond shape cross-section (x-y plane) and at the 8
mm distance (z direction) from the joint point of two
inlets. The electrode’s width we=75 ym and is along y-
axis and the electrode’s length is [e=200 ym along x-
axis. The electrode’s material is platinum and the
substrate’s material is quartz glass. Substrate’s length
embedded with the elecfrode in the cross-sectional
microchannel Is=100 um along the y-axis.

2.2 Experimental Conditions and Methods

The polystyrene particles suspended in the deionized
water flow are injected through the inlets with pressure
difference driven by the syringe pump at the
controlled flow rate Q=4.9x104 m3s1. The mean flow
velocity calculated from Q is u=2.0 x103 msT,
corresponds fo the Poiseuille flow region at the flow
Reynolds number Re=1000 and particle Rep=0.42. The
relative permittivity of deionized water and polystyrene
particle are eP%=15.0 and &=2.5 respectively. The
capacitances are measured between the elecfrode
pairs under dense inifial particle concentration §;
£=10.0 v/v % and dp= 2.1 um at the five cross-sections.
The electrical capacitance tomography (ECT) unit
contains necessary AC bridge circuitry to measure the
capacitance on the basis of the signals received from
the microchannel electrode tails. The measurement
signal is set to the ac voltage; 4.5 V at frequency of
f=12.5 MHz. Time required to tfake the one
measurement between two unearthed electrodes is
25 ps. We have employed 12 set of unearthed
electrodes to measure the capacitance values in one
cross-section resulting to 300 us for a complete set of
measurement of a cross-section. Also, it is possible fo
measure the capacitance changes between two
unearthed electrodes of the order of 0.01 fF in the

presence of stray capacitance to earth of 200 pF at a
rate of 40,000 measurements per second [18]. Then,
measured capacitance data is fed to the computer.

2.3 Image Reconstruction for ECT in Microchannel

The goal of image reconstruction in ECT is fo compute
a tomogram representing the electrical capacitance
distribution of materials flowing within some column
from voltages measured at the periphery of the sensor
in response to the injected electrical current and
voltage. To reconstruct the partficle-liquid phase flow
image for ECT in the microchannel, forward problem
and inverse problem have to be solved. Knowing the
capacitance distribution, C and given current
injection, the problem of finding the electrical
potential V inside or on the boundary of the
microchannel between electrode pairs is called the
forward problem.

Using finite element methods (FEM), AC can be
subdivided into n discrete values. Every discrete value
corresponds to one pixel of the image reconstructed.
Both direct and iterative algorithms can be formulated
using different approximations, such like linear back-
projection (LBP), Landweber method, Newfon-
Raphson method (NRM), and Tikhonov regularization
method. In our experiment, we use the Tikhonov
regularization method as the tool for image
reconstruction. The details procedure in the
reconstruction image can be refer to [18].

3.0 RESULTS AND DISCUSSIONS
3.1 Image Reconstruction

The changes of the capacitance distribution (AC) in
every cross-section are reconstructed based on the
measured boundary voltages using iterated Tikhonov
regularization algorithm. By choosing «=0.01, and
stopping parameter B not greater than 0.001 to
facilitate the convergence of the non-linear inverse
problem. In this case the 3D reconstructed images of
the dielectric permittivity distribution based on the AC
in three cross-sections are shown as in Figure 2 as
examples.

o
1

Dielectric permittivity concentration (&)

lo (Upstream)

(Center channel)

(Downstream)

Figure 2 3D dielectric permittivity distribution on the three
cross-sections that show particle concentration distribution
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Figure 2 reveals the changes of dielectric permittivity
distribution in three cross-sections in the microchannel.
It shows along the flow direction from upstream cross-
section; cross-section | fo the downstream; cross-
section V. Particle suspension and deionized water
resolve info each other gradually except in the cross-
section |, deionized water solution just meet each
other. The result also reveals that under certain flow
rate, micro particles have already dispersed evenly
near cross-section V.

The reconstructed images of AC on every cross-
section show that the micro particles seem to have the
tendency to disperse evenly within the liquid medium.
This phenomenon agrees with the theory which claims
that when two different phases are injected as the
adjacent streams into one channel, one phase will
often encapsulates the other phase. Although the test
results is not very satisfactory, it agree basically with
the real experiment condition which suggests that the
ECT based measuring system can really work.

3.2 Cross-Sectional Particle Concentration

Some calculations are conducted to prove that the
ECT can be successfully applied to the measurement
of two-phase flows in microchannel. The cross-
sectional particle concentration based on the
capacitance distribution data measurement s
calculated by using equation 1 [24].

P PO
i-j ¢
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Q-¢).; = bW 5o )
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In the equation (1), €% is the permittivity between
the electrodes i-j pair for particle suspended in
deionized water in the calibration condition under a
stafic condition to eliminate the stray capacitance
with the superscript of P is for particle and DW is
deionized water. From the equation (1), the averaged
of the normalized particle concentrations distribution is
determined. The cross-sectional particle concentration
distribution and migration is summarized as shown in
Figure 3 at three cross-sections; cross-section |
(upstream), lll (center channel) and V (downstream).
The vertical axis is the normalized particle
concenftration; range from 0.0-1.0; where 0.0 values
means only single phase flow of deionized water and
1.0 value means all particles are dominant at the
electrode pair area measurement. The horizontal axis is
the position from center cross-sectional microchannel
with R is the width of the cross-sectional microchannel.

wall center wall wall center wall wall center wall
RN2 0 12R/12 -12R/12 0 RI12 -12R12 0 12R/12

x

Cross-section | Cross-section 111 Cross-section V

Figure 3 Summarized of the normalized cross-sectional
particle concentration distribution at the cross-section 1, lll
and V

It is observed that at the upstream; cross-section |,
the cross-sectional particle concentration distribution is
much higher at the centfer than the wall vicinity area.
While, at the cross-section I, the particle
concenfration at the center area of cross-secfional
microchannel is slowly decreased to the area
between the center and wall vicinity area. It shows the
particle gradually mixed as particle moved from
upstream cross-section; | to cross-section lll. As a
sequence, at the downstream cross-sectfion V, the
particle concentration distribution is higher near to the
wall vicinity area and the lowest concentration
indicated at the center area of cross-sectional
microchannel. It clearly show particles tend to migrate
towards near the wall area because the inertial lift
force induced the interaction between particles that
leads to the particle migration.

The parabolic laminar velocity also confributes to
the shear-induced inerfial lift force, drives particles
away from the centfer toward the walls. As the
particles migrated closer to walls, an asymmetric wake
induced around the particle generates a wall-induced
inerfial lift force and drives particles away from the
walls. From the parabolic velocity, a low gradient of
partficle velocity at center pushes particles toward
walls, while a high gradient of particle velocity near
the walls that drives particles back toward the center
area of cross-sectional microchannel.

The calculation on the cross-sectional particle
concentration shows at the upstream cross-section,
particles are much more highly concentfrated than at
the electrode pairs near the center and has the lowest
concenfration near the walls. In confrast, particle
concenfration at the downstream cross-section is more
highly concentrated near the channel walls. This is
because at the upstream, the wall-induced lift force is
dominant and pushes the particles toward center
stfreamline. Moreover, due to wall-induced lift forces
and gradient of velocity distribution, the particles
moved and migrated to an equilibrium position. The
balance between these forces finally results in the
equilibrium of particle migration in the microchannel.
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3.3 COMSOL Simulation

Additionally, the cross-sectional particle concentration
and  migration  along cross-sections  in the
microchannel is simulated via COMSOL®. The
microchannel design and simulation condition is same
as in the experimental. The simulafion result is
expressed as shown in the Figure 4. At the cross-section
|, particles marked as red is in the initial position of x<0
(inlet A) and particles marked as blue had initial
position of x>0 (inlet B). As the particles started to
follow the flow field and they begin to mix together in
the microchannel flow. By the end of the
microchannel outlet, the particles from two inlets have
mixed completely. The blue and red mixed particles
attract towards walls and some remains at center

ared.

Figure 4 Simulation of the particles concentration distributed
at the cross-section I, ll and V, respectively. The colour
represents location of parficle at its initial position

The particle migratfion in the microchannel can be
conclude with the count number of particle simulation
with the channel position along flow direction (z-axis).
Figure 5 illustrates the histogram particle position that
shows af the center channel the high concentration is
indicated at the center and low at near the wall
however, the number of the particle count increased
at near the outlets that shows the particle migration is
occurred as the particle moved from upstream fo
downstream cross-section in the microchannel.
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Figure 5 Histogram of particle position in the cross-sectional
microchannel

4.0 CONCLUSION

We use syringe injection method and ECT visualization
to generate a stable liquid-solid two-phase flow in a
novel experimental multi-layer microchannel for image
reconstruction of the two phase flow. The image of
particle-liquid phase flow is successfully reconstructed

by ECT system, the presence of the nonconductive
microparticle in microfluids can alter the capacitance
distribution inside the microchannel. Since all of the
experimental results are based on non-conductive
microparticle with same particle size and same flow
rate, more detailed research should be done using
particles of different physical property under other
different test condition, meanwhile, the real time 3-
dimension dynamic image reconstruction cannot be
realized up to now due to the hardware setup
restriction. Thus, in this study, the reconstruction
tomography images of particles distribution are
verified with the COMSOL simulation that shows the
particle slightly moved and migrated from the center
area of cross-sectional toward the wall vicinity area as
the particle move along the five cross-sections.
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