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Abstract

This study develops a technique to control the timing, spacing (interval), and velocity of particles in a
microchannel flow by periodically exerting forces on the particles over space and time. The periodic force
was produced by dielectrophoretic force using boxcar-shaped electrodes on the channel wall. We could
define the timing, interval, and velocity of the particles by configuring the on—off cycles of the applied
voltage. Controlling the particle spacing and timing when it crosses a position in the channel and the
focusing effect in the cross-sectional position could improve the performance and throughput of
microfluidics, particularly for sensing, active sorting, and encapsulation of particles and cells. The proposed
technique was first evaluated by a one-dimensional analysis based on a perturbation theory. We conducted
a numerical simulation to solve the dielectrophoretic force distribution and the equation of motion of the
particles to understand the relationship between the force and the particle motion in the boxcar-electrode
region. We measured the velocity and position of the micro-particles flowing over the boxcar-electrode
region in the microchannel and demonstrated the performance and accuracy of the proposed technique for
alignment and timing control. The probability density functions (PDFs) of the period between the particles,
particle velocity, and timing, concentrated at the target value with minimal variation. Furthermore, the
measurement of particles with diameters of 8, 10, and 12 um resulted in the same PDFs, which showed the

applicability to a reasonable variation of particle diameters.

Keywords Particle alignment, Timing control, Dielectrophoretic force, Periodic force, Microchannel

flow

1. Introduction
Controlling the timing of the particles passing a certain position in the flow and interval (space)
between the particles in the microchannel flow is an important technique in the fields of engineering,

biology, and medicine. For example, in microfluidic devices, we need to control the position of the particles
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and focus them at a certain position in the cross-section of the microchannel to make each particle flow
through the specific area and perform the sensing, sorting, and encapsulation accurately. It is essential to
control the interval (space) between the particles and the timing when they pass the specific region in the
microchannel to increase the performance as multiple particles entering the region or deviation in the timing
can lead to signal and manipulation errors (Sun et al. 2007; Edd et al. 2008; Baret et al.; 2009; Abate et al.
2009; Guo et al. 2010; Cheung et al. 2010; Chen et al. 2013; Lagus and Edd 2013; Schoeman et al. 2014;
Shields et al. 2015; Yan et al. 2017, Zhang et al. 2020).

Many techniques have been developed to control the particle position and focus them in the channel
cross-section using the fluid dynamic lift force (Di Carlo et al. 2007; Oakey et al. 2010; Xuan et al. 2010;
Ahn et al. 2011; Kemna et al. 2012; Chung et al. 2013; Gao et al. 2017; Lu et al. 2017; Dietsche et al. 2019;
Yuan et al. 2019; Garcia and Pennathur 2019), electrokinetic forces (Fiedler et al. 1998; Cui et al. 2001;
Hughes 2002; Zhu et al. 2009; Tatsumi et al. 2016), acoustic force (Laurell et al. 2007; Wood et al. 2008,
Yigit et al. 2020), magnetic force (Afshar 2011), and optical forces (Cizmar et al. 2006). We can also
statically order (align) the particles with even spacing in the spanwise and streamwise directions by
applying a force distribution with a local minimum generated by a periodic force pattern as a standing wave
type force distribution. The force distribution can be generated by periodic patterns of electric (Cui et al.
2001) and optical forces (Zemanek 2003; Garcés-Chévez 2005; Cizmar 2006; Sun et al. 2007) to align the
particles in the channel or wall near the region. An acoustic standing wave is another way to produce the
periodic force distribution in the channel (Wood et al. 2008, Yigit et al. 2020).

It is more challenging to control the streamwise position of the particles flowing in the channel and
aligning them as they flow. One technique to control the spacing between the particles in a microchannel
flow is the so-called inertial microfluidic technique, which uses the fluid dynamic force and secondary
flows. The particles focus in a specific position at which the lift force, centrifugal force, and particle-
induced fluid dynamic force balance, and the stagnation point to which the particles are convected (Di Carlo
2007; Oakey et al. 2010; Ahn et al. 2011; Kemna et al. 2012; Chung et al. 2013; Gao 2017; Lu et al. 2017,
Hu et al. 2020). Using viscoelastic fluid and power-law fluid, the flow produces additional force to align
the particles in the flow (D'Avino et al. 2020; Giudice et al. 2018; Hu et al. 2019). Furthermore, several
other phenomena are also found in nature that convect and concentrate particles, cells, species, and
molecules with equal spacing. Typical examples are the periodic force distributions that move like a
traveling wave (Feynman 1949; Borromeo and Marchesoni 1998; Constantin 2006; Lewis and Guy 2017,
Chen et al. 2019; Zhang et al. 2019). Particles can be carried by the free fluid surface (Fedele et al. 2016),
acoustic (Coakley et al. 1989), optical (Koss and Grier 2003; Lozano and Bechinger), electric (Morgan
et al. 1997; Zhu et al. 2009), and magnetic waves (Tierno and Straube 2016) with spacing equal to the
wavelength. The Brownian ratchet (thermal ratchet) can also be considered as an alignment technique for

molecules and particles in a flow (Magnasco 1993; Rousselet et al. 1994; Faucheux et al. 1995; Jiilicher et
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Fig. 1. (a) Schematic of the boxcar-type electrodes, microchannel, and the force exerted on the
particles by the combination of the periodic force distribution in the streamwise direction and the
on-off cycle of the applied voltage. (b) Overview of microchannel and electrode positions. (c)
and (d) Snapshots of the particles flowing in the inlet and outlet regions of the boxcar-type

electrodes, respectively (movies are shown in SI).

al. 1997; Gorre-Talini et al. 1998; Malgaretti 2013; Kowalic and Bishop et al. 2016). However, techniques
that only employ the fluid dynamic force cannot be used to control and change the timing of particles
passing a specific position and the time interval. Generating a traveling wave accurately in a microchannel
can be challenging in terms of installing the technique in the microfluidic system.

We developed a technique that can control the timing and interval (spacing) between the particles and

cells in the microchannel flow by periodically exerting forces on the particles over space and time (see Fig.
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1). In our previous work, we applied a dielectrophoretic force to the particles and Jurket cells using ladder-
type electrodes (Tatsumi et al. 2019). Regions of dielectrophoretic force accelerating and decelerating the
particles were formed periodically in the streamwise direction. The force was activated periodically over
time by turning the applied voltage on and off. We demonstrated that the combination of these two schemes
could align the particles and Jurket cells with equal spacing and intervals. However, the physical
explanation of the convergence characteristics of the particles to the equilibrium state was not clearly
explained and evaluated.

In this paper, we will discuss the principle and demonstrate the performance of the proposed technique
using boxcar-electrodes. An analysis based on the perturbation theory for the one-dimensional problem will
first be discussed to discuss the convergence characteristic of the particle alignment using the proposed
method. The boxcar-type electrodes used in this study have a more simplified and efficient geometry than
the ladder-type electrodes. It can also apply the dielectrophoretic force and control the particles over a larger
area in the channel cross-section.

Figs. 1 (c) and (d) show snapshots of the particles measured at the inlet and outlet regions of the
boxcar-electrode region, which demonstrates the alignment of particles in the streamwise direction as it
flows through the boxcar-electrode region (movies demonstrating the particle alignment are provided in the
supplementary information). We will show the accuracy of the proposed method by showing the probability
density function (PDF) of the interval, velocity, and timing of the particles. The particle motion is measured,
and the relationship between the particle velocity and the phase of the applied voltage signal is obtained to
confirm the characteristics of the particles converging to the equilibrium state derived from the analysis. A
three-dimensional numerical simulation of the dielectrophoretic force and the equation of motion of the
particles is conducted to understand the motion in detail. Finally, the timing, interval, and velocity of the
particles with diameters of 8, 10, and 12um are compared to discuss the effects of some variation in the

particle diameter on the accuracy and performance of the proposed technique.

2. Principle and analysis based on perturbation theory for the technique

We apply a periodic pattern of the force in the streamwise direction, which accelerates and decelerates
the particle, and activate this force in cycles. The particle that deviates from the equivalent position will
receive additional force to return to the equilibrium state through the combination with the on-off cycle of
the spatially periodic force and the net velocity generated by the flow, that is, the particles will align with
equal space in the streamwise diction.

We consider a one-dimensional problem of the force distribution and particle motion to discuss the
convergence of the particles to the equilibrium state in the simplified form. As shown in Fig. 2, the force
exerted on the particle decreases linearly from positive to negative in the streamwise direction for one

periodic region.
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Fig. 2. Schematic of the force distribution and the force exerted on the particle when the phase

deviates from the equilibrium state described in a one-dimensional model.

We first consider the condition that the flow velocity is equal to the products of the periodic length
and the on-off frequency of the force, Lon-ofifon-ofr. We start from the equilibrium position at which zero work
will be performed on the particle during one periodic cycle. The force is activated periodically for a certain
period which corresponds to the region of —6< x <@ in this case. We now assume that the phase of the
particle against the equilibrium position is perturbed. In this case, the work applied to the particle during
this cycle Wpep can be written as Eq. (1), where gand 87 (i=1, 2, 3 ...) are the perturbation coefficient and

high-order terms for the order of i.

WDEP = WDEP,O + aw;[;EP de = WDEP,O + amg];EP (59(1) + 529(2) + )
= Wpgpo — 20000 Ve — 2a0,0@e? + ---. (1)

Value « is the coefficient of the relationship between x and force F' in Fig. 2. Wpgpp is zero, and if we
consider only the first-order correction term, Wpgp is written as Eq. (2).

Wpep = —2a0,6'. 2)

We then consider the particle kinetic energy U. Having 1, , be the particle average velocity in one

periodic region at equilibrium, U can be expressed as Eq. (3) with the perturbation series.
1 . U ~ 1 0%U .2 1 . ~ ~(1) ~(2)
U=_milg, + 7%, di, + 23557, di,” + - = -milg, + milpyo(efly” + 2y + -+ ) + . (3)
m is the mass of the particle. Therefore, deviation from the equilibrium state AU can be written as
AU = mi, o), )
where 1i," is the deviation from the velocity of the equilibrium state .
We then define the variation of @," in one periodic region as dil,". The variation of U due to this
change, defined here as dU, can be expressed as Eq. (5).
dU = mil,odily". (5)
As dU should be equal to the work applied to the particle in one periodic region dWpep=—2a &6 ', the

following relationship can be derived:
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da,’ = —%ff 9. ©)
Here, we assumed that ¢ is proportional to @, gton—off, Where Zonofr is the period of one cycle and is equal
to 1/fon-ofr.

We will now define the variation of @’ in one periodic region as A@’. A’ can be approximated by
AG" = 11, "t o If one periodic length is negligibly small compared with the total length of the region of
interest, this can be rewritten as ﬁp’ = —d@'/dt. Substituting this relationship in Eq. (6), the intermitted

characteristics of the applied force and particle motion can finally be expressed as the differential equation

shown in Eq. (7).

da’e’ _  2a

proaaiaiml (7

Eq. (7) gives us an oscillatory solution for 8°.

The particle also receives the drag force from the fluid on the basis of the relative velocity with the
fluid. When the particle is in the equilibrium (periodic) state, the periodic force exerted on the particle in
the region of —&< x <6 keeps the particle in this region also working against the fluid drag force. On the
other hand, in the case of the displacement 8°, the fluid drag force affects the particle as a damping force
in relation to the additional particle motion attributed to 6. This effect can be added to Eq. (7) as a damping
term, which gives a solution converging to 8 ’=0.

As mentioned previously, this formula, which holds for —&< x <@, is based on the condition that the
flow velocity is equal to Lpiicnfon-oit. However, this discussion can also be applied for flow velocities different
from Lyienfon-ofr. In this case, the equilibrium position in the periodic region will move to apply additional
work on the particle and have the particle obtain the velocity of @, = Lpjtchfon—off- The convergence
characteristic derived previously should not be affected by this movement in the phase of the equilibrium
position. Therefore, we can get the controlled particle velocity uy =Lpiwhfon-or, and the controlled time

interval between the particles 1/fon-ofr.

3. Experimental Method

Boxcar-type electrodes were patterned on the channel bottom wall, and the ground electrode covered the
entire area of the channel top wall, as shown in Fig. 1. The top and bottom walls were glass substrates on
which platinum electrodes were patterned. The layer between the two glass substrates was made of SU-8
(Microchem, Su-8 3050) and was fabricated using a soft lithography process. The microchannel was
patterned on the Su-8 layer. The width, length, and pitch of the traverse electrode were 50 um, 10 wm, and
50 pm, respectively. The channel height and width were 51 pm and 200 um, respectively. The top glass
substrate was attached to the Su-8 layer by thermal bonding. The two substrates were aligned and then

pressed using the hot pressing machine (AS ONE: MNP-001) for 30min at the temperature of 150°C.

The fluid was supplied to the channel by a pump driven by pressurized air. Three inlets were set at the
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inlet of the microchannel, where the particle suspended solution was supplied to the center inlet while the
side flows were used to control the overall flow rate. The rail-type electrodes (Tatsumi et al. 2016) were
placed downstream of the channel inlet, by which the particles were focused by dielectrophoretic force and
guided to the inlet of the boxcar-electrode region.

Polystyrene microparticles with diameters of 8, 10, and 12 um (Thermoscientific Co., 4208A, 4210A,
4212A) were used in the measurements. The particles were mixed in Milli-Q water at a concentration of
0.2 %. Sodium lauryl sulfate was added to the solution at a concentration of 0.1 wt% to prevent the adhesion
of particles to the wall. The flow rate was 3.9 pL/min, giving an average flow velocity of 6.4 mm/s. The
Reynolds number based on the channel hydraulic diameter and particle size of 12um in this case, were 0.37
and 0.055, respectively.

We applied an alternating current (AC) voltage to the electrode using a function generator with a peak-
to-peak voltage of V., = 16.8 V and frequency of fy = 10 MHz. This voltage was turned on and off
periodically with a frequency of fonor= 125 Hz. The duty rate of applied voltage was fixed at 50%. AC of
fv=10 MHz was used to reduce the formation of the electric-double layer on the surface of the electrode
and avoid the voltage drop and the generation of electroosmotic flow. The AC electric field will also cause
Joule heating, by which the fluid temperature can increase several degrees in the boxcar-electrode region
under the present flow and electric condition. The temperature increase is small to generate an
electrothermal flow affecting the particle motion (Ramos et al. 1998), and the effect on biological cells is
negligible as long as the flow rate is reasonably high.

The motion of the particles was recorded using a high-speed video camera and microscope. The frame rate
and resolution of the measurement were 10,000 fps and 0.88 um, respectively. The particle position and
velocity were obtained from a series of images using motion analysis software (Library Co. Ltd., Move-

tr/2D ver. 7.90).

4. Numerical Method

The equation of motion of the particles was solved considering the effects of the dielectrophoretic
force Fpep and the hydrodynamic forces exerted on the particles. The electric field was first obtained by
solving the Poisson equation for the relationship between the electric potential and charge using COMSOL
Multiphysics (ver. 4.3a: COMSOL Inc. ). Figure 3 (a) shows the computational domain. The height and
width of the domain were 50 pum and 200 pum, which were equal to the channel height and width,
respectively. The streamwise length is 100 pm, which is twofold of the periodic length Lpich. AC electric
potential was applied to the electrodes while electrical insulation conditions was set at other boundaries.
The electric field gradient obtained by the computation was then applied to the multipole method using a
third-order Clausius—Mossotti function to calculate the Fpep distribution (Washizu and Jones 1994; Jones
and Washizu 1996). We employed the multipole method to calculate the Fpep accurately in such area where

the area size of the electric field distribution in the microchannel is close to the particle size (Tatsumi et al.
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2014).

The hydrodynamic forces were based on the Stokes force for spheres, to which the models of Goldman
et al. (Goldman et al. 1967a, b), and Cooley and O’neill (Cooley and O’neill 1969) considering the effects
of the velocity gradient and the wall were applied. The validation of the present method is made in the

authors’ previous work by comparing the results of the computation and measurement for the particle

motion in a periodic unit of ladder-type electrodes, which resulted in a good agreement (Tatsumi et al. 2019).

5. Results and Discussion

5.1 Motion and alignment characteristics of the particles

Figs. 1 (c) and (d) demonstrate that the particles can be focused at the centerline of the boxcar-
electrodes and evenly spaced in the streamwise direction. We will show the numerical results of the
dielectrophoretic (DEP) force distribution exerted on the particles if located at that position and the particle
velocity distribution to examine the particle motion in the boxcar-electrode region. Figs. 3 (b) and (c)
represent the distributions of the x-direction component of the DEP force Fpep, on the x-y plane at z/H=0.1,
and on the x-z plane at y/W=0, respectively. Figs. 3 (d) and (e) show the distribution of the y-component of
the DEP force Fpep, on y-z plane at x/L=0 and z-component Fpgp: on the x-z plane at y/W=0, respectively.

The spanwise DEP force Fpep, moves the particles toward the centerline of the boxcar-electrode and
focuses the particles at the centerline. The DEP force Fpep. shown in Fig. 3 (e) gives a positive value near
the traverse electrode, while it shows a negative value in the region between the traverse electrodes.
Therefore, the height of the particle increases and decreases if the voltage is applied to the electrode when
the particle flows over these regions. As the flow streamwise velocity increases in the direction from the
channel wall to the channel center, the variation in the particle height accelerates and decelerates the particle
in addition to the effect of the Fpepy. The sum of the DEP force and fluid dynamic force exerted on the
particle in the equilibrium state Fx in relation to the streamwise position xp/Lyich is shown in Fig. 3 (f). Fig.
3 (g) shows the streamwise velocity of the particle u, in relation to xp/Lpitch. The “on” and “off” description
in the figure shows the period when the voltage is turned on and off. The acceleration region is generated
at the traverse electrode and immediately downstream of the traverse electrode, and the deceleration region
appears further downstream near the middle of the region between the traverse electrodes. It should be
noted that the Fy becomes zero shortly after the voltage is turned off as the particle velocity becomes equal
to the flow velocity due to the fluid drag force.

Fig. 4 shows the distribution of the particle velocity averaged over one periodic region #l,. The value
of the abscissa axis ny is the order number of the periodic regions (transverse electrode) of the boxcar-
electrode. Figs. 4 (a) and (b) represent the results measured in the region near the inlet and outlet of the

boxcar-electrode. At the inlet, @, shows a deviation from the target value up = Lyitch fon-ofr (Which is
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Fig. 3. (a) Computation domain. (b) and (c) Distributions of the x-direction component of the DEP
force Fpepx on the x-y plane at z/H=0.1, and on the x-z plane at y/W=0. (d) y-component DEP force
Fpepy on y-z plane at x/Lpier=0. (€) z-component DEP force Fpep; on the x-y plane at y/W=0. (f) Sum
of the DEP force and fluid dynamic force exerted on the particle in relation to the streamwise

position xp/Lyich. (g) Particle streamwise velocity in relation to xp/Lpitch.

6.25 mm/s for the present condition) shown by the line in the figure. As the particle flows downstream,
fluctuates and then approaches the value u,". By the time the particle reaches n,~50, i, converges, and
has a constant value, as shown in Fig. 4 (b).

As shown in Fig. 3 (f), the force exerted on the particle shows a distribution similar to that considered
in Section 2. Particles whose position deviates from the equilibrium receive an additional force, which

converges them to the equilibrium. In the measurement, we should be able to observe a correlation between
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Fig. 4. Distribution of particle velocity averaged in one periodic region i, in relation to the
streamwise direction measured at the (a) inlet and (b) outlet regions of the boxcar-electrode, and
(c) comparison between the particle velocity #, and spatial phase €:on deviations from the

equivalent position.

the displacements of the particle position and velocity from their equilibrium states during the convergence

process. Therefore, we synchronized the timing of the camera exposure with the on-off cycle of the voltage

applied to the electrode and measured the relationship between the particle velocity and the phase difference.

Fig. 4 (c) shows the distributions of the Afl,/u; and A& on/Lpich against ny. The value Afl, is the
particle velocity difference from the equilibrium state Afl, = @i, — uy. The value Ao is the phase
difference from the equilibrium state, that is, the distance between the positions of the particle of interest
and the particle at equilibrium state, both at the moment when the voltage rises. The particle position for
the equilibrium state was obtained from the measurement conducted near the outlet of the boxcar-electrode
at which the particle showed periodic motion. The value of Al increases in the region for A6 on <0, and
decreases for A6 on >0. Therefore, a negative correlation between the gradient of A#l, and A6 is
obtained in the distribution making both A7, and A6 . converge to zero, which agrees well with the

discussion on the model made in Section 2.

5.2 Performance evaluation
We measured the probability density function (PDF) of the values for the particle to evaluate the
performance of the proposed technique. Figs. 5 (a) to (d) show the probability density function of A¢ and

A@, for particles measured at the first and last boxes of the boxcar-electrodes, respectively. At is the time

10
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particle velocity from target value Adl,: (a) and (b) PDFs of (Af-fon-off)/fon-ofr at the inlet and outlet of
the boxcar-electrode region, and (c) and (d) PDFs of A#l,/u;, at the inlet and outlet.

interval between the two particles, and the graphs show the deviation of Af from the period of the voltage
on-off cycle fonoft = 1/fon-ofr. In Figs. 5 (a) and (c), both values (Af - fon-ofr )/fon-of and Afl, /uy, at the inlet
show scattered distributions. However, (Af - fon-ofr )/Zon-ofr and Afl, /uy, show a sharp maximum peak at the
value of zero at the outlet, respectively. The error bar in the graph represents the 95% confidence interval
of each distribution. The confidence intervals of (At - fon-off )/Zon-ofr and Afl,/uy, fall inside the range of
+1.9% and £2.6%, respectively.

We will now evaluate the performance of the proposed technique in controlling the timing of the
particles. Figs. 6 (a) to (d) show snapshots of the particles in the outlet region for different time phases 6, on.
6.0n is the temporal phase difference from the time of the voltage rise. The relative positions of the particles
to the traverse electrodes are the same for the particles in each figure. As the particle motion is synchronized
with the on-off cycle of the voltage, the position of the particle in the periodic region can be predicted from
the applied voltage signal. In other words, this indicates that we can control the timing when the particle
passes a certain position in the channel by changing the phase of the applied voltage.

We measured the time difference between the signal rise of the voltage and the time when the particles
crossed the middle of the boxcar-electrode region (x/Lpih=0.5) to evaluate the performance of timing
control using the proposed technique. The PDFs of 8, on(x/Lpitch=0.5)/fon-otr is shown in Figs. 6 (e) and (f). At

the inlet of the boxcar-electrode, the PDF shows a scattered distribution, indicating that the timing in
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Fig. 6. (a) — (d) Aligned particles in the outlet region of the boxcar-electrode in different phases.
6,0n 1s the time (phase) difference from the rising edge of the applied voltage. (e) and (f) PDFs for

6 on/ton-oft OF X/Lpitch=50 at the inlet and outlet of the boxcar-electrode region.

relation to the applied voltage is random. On the other hand, at the outlet, the PDF shows a maximum peak

at 6 on(x/Lpitch=0.5)/ton-ofr =0.46, with a 95% confidence interval within the range of £2.5%.

5.3 Phase-shift characteristics

As discussed in Section 2, the particle velocity i, converges to the target value up, even when the
flow velocity differs from the target value. In this case, the additional force will exert on the particles to
accelerate and decelerate the particles by having an additional phase shift with the particles over time and
space. We measured the spatial phase of the particles at the time of the voltage drop, defined as 6, o for
mean flow velocity unm=5.4 mm/s, 6.4 mm/s, and 7.7 mm/s. The results are shown in Fig. 7 together with
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Fig. 7. Effect of the average flow velocity on the position of the particle at the voltage fall & o

with the origin located at the middle of the boxcar-electrode.

the numerical computation for um=5.0-10.0 mm/s for comparison.

The value of € o increases as the un increases, showing that the time phase delays, or the spatial
phase shifts downstream as the flow velocity increases. As shown in Fig. 3 (f), first a positive force and
then negative force exerts on the particle during the period of the voltage application. When the phase
delays, the time of the negative force applied to the particle increases. This balance with the increase in the
fluid drag force attributed to the increase in the average flow velocity.

The average values and 95% confidence interval of the particle velocity 1, for um= 5.4, 6.4, and 7.7
mm/s were 6.37mm/s £7.3%, 6.27 mm/s +2.6%, and 6.28 mm/s +6.1%, respectively, which shows that we
can maintain the average particle velocity at the target value Lypitchfon-oit With some variation in the flow
velocity. It is worth mentioning here that the flow velocity and Lyicpfon-off can be increased to larger value
as long as the flow is in laminar regime and the two values meet the condition mentioned previously. The
periodic force can affect the particle relative position to converge to the equilibrium (periodic) state even
in higher flow rate. However, the time when the DEP force is applied to the particle during one period
decreases as the flow rate increase, and the number of periodic units required for the particle to flow over

and converge to the equilibrium state will increase in this case.

5.4 Effect of particle size variation

We carried out further measurements using particles with diameters of 8 and 10 um to evaluate the
effect of the particle size variation on the alignment, velocity, and timing control characteristics.
Furthermore, we conducted a measurement for the mixed aqueous solution of 8, 10, and 12 um diameter
particles. The probability density functions of the time interval between the particles (Az- ton-oft )/ton-offs
particle velocity Afl,/up, and the phase difference from the voltage rise 6,on(xX/Lpitch=0.5)/fon-ofr are shown

in Fig. 8. The average value, the range of the 95% confidence interval o, and the number of samples n are
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Fig. 8. Probability density function of the time interval between particles At, particle velocity Az,, and
phase based on the voltage rise &on for the case of particle size of d=8, 10um, and the mixed solution

of particles with diameters of 8, 10, and 12um.

shown in the figure. The PDFs for the values of A#/fon-or and up/u,* concentrate at zero for all particles with
negligibly small deviations that fall within the range of less than £2.1%. The PDFs of 6, on(x/Lpitch=0.5)/fon-
off for all particles, focus at the same value with a deviation of less than £3.1%, reflecting the high accuracy
of the timing control.

Although the examined range was several micrometers in this study, the results of having particles
with different diameters converging to the same position and timing are notable but reasonable. The particle
size affects the magnitude of the dielectrophoretic force and fluid drag force. Smaller particles will receive
smaller forces, which may decrease the function to make the particle converge to the equilibrium position.
Therefore, a longer duration and length may be necessary to align the particles. However, if the force
distribution shows a similar pattern between particles of different sizes, the equilibrium position at which

the positive and negative work balances and the total work is equal to zero during one periodic cycle would
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be the same. In this case, the particles focus at the same position and time.

6. Conclusions

We proposed a novel technique that can align the particles with equal space and interval as they flow
in the microchannel by exerting forces on the particles in periodic form over space and time using the
dielectrophoretic force generated by the boxcar-electrodes. The one-dimensional model based on the
perturbation analysis and the measurement results proved that the particles would converge to the
equilibrium state, and the interval between two particles and the particle velocity would be equal to Lpitchfon-
off and fon-ofr, respectively. The measurement showed that we could control the particle interval, particle
velocity, and the timing of particles crossing a specific position within an accuracy of +2.6%, 1.9%, and
2.5%, respectively. The control accuracy of these values could be maintained when the particle diameter
varied in the range of approximately £20% or when the flow velocity changed within a certain range.
Although we used the dielectrophoretic force to generate the periodic force, the principle of the technique
proposed here can be applied to different forces to control the particles, cells, droplets, and other objects in

the flow.
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intervals.

Video S2: The movie of 12 um particles aligned and flowing with even spaces near the outlet of the

boxcar-type electrode region.
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