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Short Communication
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The migration of microparticles exposed to gravitational-buoyancy force and lift force and

transported by the flow of the carrier liquid inside microfluidic conduits was studied from the

viewpoint of the transient period (the relaxation) between the moment at which the parti-

cles start to be transported by the hydrodynamic flow and the time at which they are focused

at an equilibrium position. Relaxation times were calculated theoretically by the incremen-

tal numerical method and the results were compared with the experimental data obtained on

two microfluidic channels of different lengths and for different average linear velocities of

the carrier liquid. It has been found that the maximal linear velocity of the carrier liquid

in a microthermal field-flow fractionation channel whose dimensions were already optimized

is of the order of a few cm/s under the investigated experimental conditions. At this velocity,

the contribution of the secondary relaxation time is negligible compared to the retention

time of the micrometer-sized particles.

Keywords: Field-flow fractionation; Focusing; Microfluidic conduit; Microparticles; Optimization; Relax-

ation; Separation

INTRODUCTION

Microfluidic systems are intensively developed and extensively applied for the
fractionation and characterization of nanometer- and micrometer-sized particles
(see, for example, Di Carlo et al.[1–3] and references cited therein). A microfluidic
device devoted to the separation of the particles, the ultra-microthermal field-flow
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fractionation unit, was proposed recently.[4] It can be applied for the characterization
of biological cells and sub-cellular particles,[5] especially in medical and environ-
mental analyses. Nevertheless, synthetic polymer particles can also be separated
and characterized by this technique, and several applications were already
demonstrated.[6,7]

This kind of analysis should not be time-consuming. On the other hand,
high-performance separation must not be sacrificed in high-speed operation. When-
ever the size of the separated species is within the range of roughly 200 nanometers to
several micrometers, a focusing mechanism may occur, which is based on the coup-
ling of the inertial lift force,[8–12] gravitation-buoyancy force, and thermodynamic
force generated by the imposed temperature gradient.[6,13,14] The lift force, which
emerges at high flow rates of the carrier liquid, must be counteracted by other effec-
tive forces in order to produce an efficient focusing mechanism. A full utilization of
the focusing mechanism in a microfluidic separation unit such as the microthermal
field-flow fractionation channel requires careful optimization of the experimental
conditions because an unsuitably chosen combination of microfluidic channel length
versus carrier liquid flow rate can have disastrous consequences on the performance
of the separation.

THEORY

The optimization problem to solve is schematically explained in Figure 1. The
particles of a sample analyzed by microthermal field-flow fractionation must start
their elution inside the rectangular cross-section channel from one of the main chan-
nel walls. This condition is imposed by the action of the effective driving force Feff(x)
displacing the particle across the channel thickness (this means along the x-axis)
during the focusing. The force Feff(x) is the sum of several forces:

Feff ðxÞ ¼ �FLF ðxÞ � FG � FTD � Ff ðxÞ ð1Þ

The particular forces acting on a sole spherical particle moving freely in a
laminar horizontal flow of a carrier liquid inside a rectangular cross-section channel
are: lift force FLF(x), which is due to the fact that the particle is exposed to the velo-
city gradient in the parabolic flow velocity profile formed between the walls and
whose magnitude is proportional to several operational parameters, among them
average linear velocity of the carrier liquid; the force FG, which results from the
action of the gravitation and buoyancy; the thermodynamic force FTD, which is
due to the imposed temperature gradient generating the thermal diffusion of the par-
ticle; and the force of friction Ff(x), which opposes the transverse movement (in the
direction of the x-axis) of the particle during the focusing. The forces FG and FLF(x)
can be negative and positive, respectively (with regard to the origin x¼ 0 and posi-
tive direction of the x-axis), or vice versa, correspondingly to the sedimentation or
flotation, respectively, of a particle in a carrier liquid. At dynamic equilibrium, the
driving force is zero, Feff(xeq)¼ 0, and the particle reaches its equilibrium position
xeq at which it is focused and is further transported by the carrier liquid flow along
the channel at this xeq. Different particles are focused at different xeq positions and
are transported along the channel at different linear velocities corresponding to
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different streamlines of the flow velocity profile formed inside the channel. As a result,
different particles elute from the channel at different times and are thus separated.

It has been mentioned above that the important condition to achieve high-
performance (high-efficiency) separation is that the starting position of the particles
injected at the beginning of the channel must be at one of the main channel walls
(accumulation wall). Since in most cases the particles exhibit higher density than
the carrier liquid, and temperature gradient generates their transport to the cold
(lower) channel wall, the particles are initially concentrated at this wall. It is thus use-
ful to establish an experimental procedure that allows all particles to reach the initial
position at the accumulation wall. It can be done, for example, by stopping the
flow of the carrier liquid during this concentration process of the particles at the
accumulation wall. This stop-flow time is called primary relaxation time, trelax1.

Figure 1. Schematic representation of the trajectories of the particles undergoing the focusing caused by

the counteracting gravitational and lift forces in long and short microfluidic channels. The particles, which

start their elution caused by the hydrodynamic flow of the carrier liquid from the position x¼ 0 at the

accumulation wall (gradual grey points in both channels), reach an equilibrium position xeq at a same

distance Lrelax in both channels under otherwise identical experimental conditions. On the other hand,

if the particles are randomly distributed across the channel after the injection (black as well as gradual

grey points in the short channel) and the primary relaxation during which they are concentrated by the

thermodynamic and gravitational force at the accumulation wall with the flow of the carrier liquid stopped

is not applied, the particles run different trajectories and reach the position xeq at different longitudinal

distances from the starting point. Consequently, the focused zone is broadened in the direction of the flow,

resulting in a decrease of resolution of the zones focused at different xeq positions.
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Thereafter, the flow of the carrier liquid is restarted, and all particles are displaced in
the direction of the x-axis to their equilibrium position xeq by the action of the driv-
ing force Feff(x) and are simultaneously transported by the flow along the channel.
The time elapsed between the initial position of the particles at the accumulation wall
and equilibrium position xeq is called secondary relaxation time, trelax2. During tre-
lax2, the particles run the distance Lrelax along the channel, as shown in Figure 1.

If the primary relaxation with the flow of the carrier liquid stopped is not
applied and the focusing of the particles (secondary relaxation) proceeds during
the elution, the particles distributed randomly across the channel after the injection
run different trajectories to reach the same xeq position, as schematically demon-
strated in Figure 1. Consequently, an individual focused zone is broadened in the
direction of the flow, and the resolution of different focused zones is lower.

It is a well-known fact[6] that the efficiency of the channel, measured by the
theoretical plate height, increases with decreasing channel thickness w under other-
wise identical experimental conditions. Nevertheless, it has been demonstrated
previously[4] that the miniaturization of the channel is not unlimited. The thickness
w must be chosen with regard to the size of the separated species, which can be of
the order of micrometers. An optimal w is approximately 100 mm.[6] A minimum
aspect ratio (width to thickness) of the channel is about 20 provided that a special
hydrodynamic splitting at the channel input is adopted.[15] If the width and thickness
of the channel are optimized with regard to the requirements mentioned above, the
length of the channel is imposed by the necessity to inject a detectable quantity of
the sample, which itself is determined by the concentration and the injected volume.
In order to make the contribution to the zone broadening caused by the injected
volume, detector, and all connecting capillaries negligible in comparison to the
broadening that is due to the separation and dispersion processes inside the channel,
the injected volume of the sample should not exceed about 10% of the volume of the
channel.[6] As a result, with regard to the mentioned conditions, the minimal length
of the microfluidic channel should be between 50mm and 100mm.

It is obvious from Figure 1 that for a given average linear velocity of the carrier
liquid, the relaxation distance Lrelax should be independent of the channel length if
the other sizes (width and thickness) are the same. Thus, having all three dimensions
of the channel minimized on an acceptable level by respecting the above-mentioned
conditions related to the high-performance separations, the question to be discussed
is the maximal linear velocity of the carrier liquid still allowing the focused particu-
late species to reach their equilibrium positions and thus to perform high-speed but
also high-performance separations. This problem was studied theoretically and
experimentally and the preliminary results are presented in the following section.

MODEL CALCULATIONS, EXPERIMENTS, AND PRELIMINARY RESULTS

The relaxation time of the secondary relaxation process that takes into account
the contributing forces included in Equation (1) can be calculated from:

trelax2 ¼
Z xeq�d2

rpþd1

dx

vrelax2 xð Þ ð2Þ
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
0
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



where vrelax2(x) is the velocity of the transverse migration of a particle during the
secondary relaxation and rp is particle radius. The constants d1 and d2 in the
integration limits of Equation (2) are chosen arbitrarily. The value of d1 is estimated
to be a fraction of rp by supposing that a steep increase of the vrelax2(x) at the
takeoff and beginning of the particle transverse movement is short, followed by a
deceleration governed by the forces included in Equation (1). Different values of
d2 can be chosen as fractions of the xeq to investigate the variation of the calculated
relaxation time as a function of the distance of the particles from the equilibrium
position.

Since the force of friction Ff(x) depends on the local velocity vrelax2(x), an
incremental numerical calculus must be applied. The details will be published later.

Short microthermal field-flow fractionation and roughly seven times longer
standard thermal field-flow fractionation channels were used in the experiments.
Their thicknesses w were identical. The retention times of the micrometer-sized
polystyrene-based latex particles (rp � 2.5 mm) were measured at different linear velo-
cities of the carrier liquid, imposing quite a strong action of the lift forces and thus
the focusing mechanism. The gravitational force FG acting on micrometer-sized par-
ticles was strong enough to counterbalance the lift force FLF(x). Consequently, tem-
perature gradient generating the thermodynamic force FTD was not applied in the
experiments because the comparison of our theory with the experimental data would
be more complicated due to the non-parabolic flow velocity profile formed inside the
channel under non-isothermal and thus non-isoviscous conditions.

The comparison of the theoretically calculated secondary relaxation times for a
series of different linear velocities of the carrier liquid with the experimental reten-
tion times obtained by using two different length channels is presented in Table I.
It can be concluded from the data in Table I that the theoretically calculated trelax2
is negligible compared with the experimental retention time obtained for the lowest
linear velocity of the carrier liquid on the short as well as on the long channel. At
medium linear velocity, trelax2 is still acceptable compared with the experimental

Table I. Theoretical secondary relaxation times and the experimental retention

times calculated and measured, respectively, for polystyrene latex parti-

cles in short and long channels as a function of average linear velocity

of the carrier liquid

Linear velocity of the

carrier liquid (cm=s) Theoretical trelax2 (s)

Experimental retention

timea (s)

Short channel

0.26 0.54 168

0.43 2.84 92

0.87 13.88 42

Long channel

0.20 0.22 503

0.42 2.94 281

0.83 17.37 121

aRetention time is calculated from the total time spent inside the channel by the

particles from which the injection time and stop-flow time are deduced.
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retention time obtained on the short channel and fully acceptable on the long chan-
nel. At the highest linear velocity of the carrier liquid, trelax2 is too long to be accept-
able in comparison with the experimental retention times obtained on both channels.

The comparison of the theoretically calculated trelax2 with the experimental
retention times allowed evaluation of the importance of the contribution of the
relaxation time to the whole retention time of the particles undergoing the focusing
mechanism. The knowledge of this contribution is necessary for correct, high-
performance, and high-speed accomplishment of microthermal field-flow fraction-
ation experiments as well as for rigorous quantitative treatment of the experimental
data. A more general approach that also takes into account the contribution of
the thermodynamic force FTD and that is not limited to the particular experimental
conditions considered in this work is under study and will be published later.

CONCLUSION

The optimization of the operational parameters of a high-speed, high-
performance microthermal focusing field-flow fractionation unit was analyzed, and
it has been found that the linear velocity of the carrier liquid should not exceed a
certain limit in order to keep the time of the secondary relaxation within the range
of experimental errors of the retention time. The theoretical model developed to
calculate the duration of the secondary relaxation time was compared with the
experiments carried out on two different length channels. It has been found that
the contribution of the secondary relaxation time to the retention time of model
polystyrene latex can be neglected up to an average linear velocity of the carrier
liquid of the order 0.4 cm=s under the studied experimental conditions. Above this
limit, the relaxation time is important, and its impact on the performance of micro-
fluidic separations should be taken into account.
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10. Segré, G., and A. Silberberg. 1962. Behavior of macroscopic rigid spheres in Poiseuille
flow. 2. Experimental results and interpretation. J. Fluid Mech. 14: 136–157.

11. Landau, L. D., and E. M. Lifshitz. 1986. Hydrodynamics. Moscow: Nauka.

12. Sutera, S. P., and R. Skalak. 1993. The history of Poiseuille law. Annu. Rev. Fluid. Mech.
25: 1–19.
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