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Easy trap-and-release of microparticles is necessary to study biological cellular behavior. The
hydraulic jump phenomenon inspired us to conceive a microfluidic device for the hydrodynamic
trap-and-release of microparticles. A sudden height increase in a microfluidic channel leads to a
dramatic decrease in flow velocity, allowing effective trapping of the microparticles by energy
conversion. The trapped particles can be released by stronger inertial force based on simply
increasing the flow velocity. We present a systematic, numerical study of trap-and-release of the
microparticles using multiphase Navier–Stokes equations. Effect of geometry flow velocity, particle
diameter, and adhesion force on trap-and-release was studied. © 2010 American Institute of Physics.
�doi:10.1063/1.3479052�

Manipulating microparticles, such as cells, bacteria,
and hydrogel particles using microfluidics, is very important
for high throughput and fast cell screening, single cell analy-
sis, and biochemical synthesis.1–5 Manipulation methods
usually apply acoustic,6 chemical,7 electrical,8 mechanical,9

magnetic,10 or optical gradients.11 In terms of microfluidic
trapping of microparticles, techniques such as patch clamp,
adhesion, sedimentation, size filtration, trench separation,
and hydrodynamic trapping have been demonstrated.1,4,12–25

However, these methods are limited by the absence of releas-
ing capability. In this regard, a microparticle control method
should easily trap-and-release microparticles using a simple
design. In nature, there is one good example which meet
these requirements as follows: the hydraulic jump phenom-
enon. This is often observed in open channel flow, such as
spillways and dams. The hydraulic jump occurs when a liq-
uid at high velocity discharges into a zone of lower velocity
�Fig. 1�a��. Due to a sudden decrease in fluid velocity, kinetic
energy converts to potential energy, causing the fluid to
“jump.” Here, we describe a hydrodynamic trap-and-release
method inspired by the hydraulic jump in nature. The micro-
fluidic implementation consists of a channel with a hydraulic
jump cavity where there is a sudden expansion in height.
Because of the sudden expansion of the microfluidic channel
height, kinetic energy of the microparticles is converted to
potential energy and eventually due to gravitational forces
the microparticles settle down. At the channel floor, the mi-
croparticles get trapped when the fluid force on them is bal-
anced by surface interaction forces. The trapped particle can
then be easily released by stronger inertial force based on
simply increasing of flow velocity. The increase in fluid ve-
locity increases the fluid forces which overcome surface in-
teraction forces, leading to particle release. In this simulation
study, the geometrical factors, including height and length of

the hydraulic jump cavity �for a specific microparticle diam-
eter�, and flow velocity are investigated for optimal hydro-
dynamic trap-and-release device. In addition, adhesion force
between substrate surface and particles is considered for the
trapping of 0.5 �m sized particles.
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dresses: twkang@sogang.ac.kr and lplee@berkeley.edu.

FIG. 1. �Color� Hydrodynamic trap-and-release phenomenon from hydraulic
jump in nature; �a� circular hydraulic jump and hydraulic jump in nature; �b�
hydrodynamic trap-and-release in hydraulic jump cavity; and �c� streamline
comparison between flow and particle.
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The trap-and-release motion of microparticles in a flow
can be estimated by using continuity and Navier–Stokes
equations. To solve for velocity, pressure, and volume frac-
tion of the particles, the multiphase flow model is used for
the mixture of particles and liquid.

In most of biomedical applications, the sizes of the mi-
croparticles, such cells and bacteria, typically range from 1
to 20 �m �Fig. 1�b��. In this regard, the channel height, h1
should be in the range of 10–100 �m. For calculation, all
geometric factors are normalized by h1. Therefore H �h2 /h1�,
L �l /h1�, and Dp �da /h1� are the normalized height, length,
and the diameter of a particle, respectively. This simulation
of hydrodynamic trap-and-release was performed in a trian-
gular grid using a COMPUTATIONAL FLUID DYNAMICS code.27

Throughout the channel, the flow energy is conserved.
The type of energy can be converted based on the following
equations: �u1,c

2 /2�+gh1= �u2,c
2 /2�+gh2, u1,c�h1=u2,c�h2,

where u1,c is the velocity of the liquid before entering hy-
draulic jump cavity and u2,c is the velocity of the liquid in
hydraulic jump cavity. When a microparticle is present in the
fluid, the inertial force, Fi� ��u1,d−u2,d� /�t�, the drag force,
Fd� �u2,c−u2,d�, and the adhesion force, Fa� �u1,c−u2,c�
around the particle must be considered, u1,d is the velocity of
the particle before entering hydraulic jump cavity, u2,d is the
velocity of the particle in the hydraulic jump cavity, and �t is
the time period. The force balance �BF=Fi−Fd−Fa� around
the particle is considered to determine the motion of the
particle. Therefore, when a particle enters into the hydraulic
jump cavity, the inertial force becomes drastically weak. Un-
der this circumstance, the particle can be trapped. On the
other hand, if the flow velocity, u1,c, increases, Fi becomes
stronger �BF�0� and the trapped particle in the hydraulic
jump cavity can be easily released. This hydrodynamic trap-
and-release concept has significant advantages compared to
conventional trench methods.27 In a trench structure, par-
ticles can be easily trapped by gravity; however, it is impos-
sible to release the trapped particles from the trench. In com-
parison, the trap-and-release process in our method is truly
reversible.

We estimated the streamlines of flow while particles
trapped and released �Fig. 1�c��. The streamlines of liquid

phase smoothly flow from the inlet to the outlet. However,
the streamlines of the particles asymmetrically terminate on
the bottom of the channel, thereby trapping the particles at a
certain distance from the inlet. The trapped particles are re-
leased by increasing flow rate. We define the distance from
the inlet to the location of the trapped particle as trapping
distance, Dt. The Dt was found to increase with increasing
the height of the particle in the inlet channel.26

Since geometries of the hydraulic jump cavity are very
important to achieve high trapping and releasing efficiency
��trap and �release�,

27 these factors are systematically studied
to optimize �trap and �release �Fig. 2�a��. Regarding the effect
of H, �trap increases with H. While low H �=�2.0� showed
no trapping, �trap almost reaches 100% in 50 s using H=20.
On the other hand, �release decreases with increasing H. As
time goes on, a profile change in trapping and releasing be-
come saturated at a specific time, and this time is defined as
saturation time, ts. In general, the releasing ts is longer than
the trapping ts. Although �trap increases with H, considering
practical fabrication steps �maximum height of photoresist at
photolithography based microfabrication is �200 �m�,
maximum H is constrained to 20 for realistic designs. In the
case of L, although �trap increases with L, the degree of in-
crease is lower than compared with H. The trapping ��trap

=0.6� occurred from L=6.5 and above, while ts increased
from 100 to 200 s with L. Regarding the effects of L on
releasing, to achieve �release=1.0, ts becomes longer from 50
to 500 s with L �1.5–25.0�.28

For further estimation, we selected H=5.0 and L=6.5 as
a representative design, because at this given geometry high
�trap and �release are reasonably obtained simultaneously.
In this geometry, a time resolved �trap and �release as a func-
tion of Reynolds number, Re, are calculated �Fig. 2�b��. As
Re increases, �trap increases while �release decreases. In trap-
ping, �trap is achieved from 0.6 to 0.8 by changing Re from
10−3 to 10−4, while, in the Re range from 10−1 to 10−2, the
flow is too fast to trap particles. In releasing, even though
�release= �1.0 is achieved for all Re numbers used here, ts of
releasing decreased from 300 to 25 s by changing Re from
10−5 to 10−1.

FIG. 2. �Color� Geometric effects and flow velocity on
hydrodynamic trap-and-release; �a� the �trap and the
�release as a function of H at Dp=0.5 at Re=10−3; �b� the
�trap and the �release as a function of Re at H=5.0,
L=6.5, and Dp=0.5.
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For biomedical applications of our hydraulic jump cav-
ity, it is critical that particles of biologically relevant sizes
can be efficiently trapped and released.26 For example, bac-
teria and mammalian cells range in size from 1 to 20 �m. In
addition, the manipulation of biocompatible submicrometer
size particles, such as hydrogel particles28 and multifunc-
tional nanoprobes,29 is also necessary. In conventional static
particle trapping, minimum controllable size of a particle is
approximately 10 �m.5 However, the size for trapping can
be further reduced by adding adhesion force. In general, it is
reported that chemical surface treatment results in adhesion
force between cell and substrate30 from 100 to 900 N /m2.
Therefore, in order to trap and release submicron particles,
adhesion force effect is also considered in this study �Fig. 3�.
Increasing the adhesion force results in trapping of smaller
particles and increasing �trap. The smallest size of trapped
particles is 0.5 �m under adhesion force and under this con-
dition, varying adhesion force has minimal effect on �trap. In
the case of trapping efficiency, as adhesion force changes
from 100 to 900 N /m2, �trap changes from 0.45 to 0.75 for
1 �m particles.

In conclusion, hydraulic jump in nature phenomenon in-
spired the invention of our microscale hydrodynamic trap-
and-release device. Resulting from a sudden height increase
in the device, a significant decrease in flow velocity leads to
trapping of microparticles by energy conversion. Reversely,
the trapped particles are released by increased inertia force
based on faster flow velocity. A systematic, numerical study
of microparticle motion in the hydraulic jump cavity is re-
ported here. The �trap increases with H and L, while high Re
resulted in lower �trap. In addition, strong adhesion interac-
tion �900 N /m2� results in trapping of submicrometer sized
particle. Hydraulic jump-based hydrodynamic trap-and-
release method can be integrated into a microfluidic array to
selectively control microparticles or living cells for quantita-
tive analysis. It will provide a platform to manipulate living

cells in physiological microenvironments of cell culture me-
dia and reagents.
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