
Hydrodynamic Trap for Single Cells and Particles
Melikhan Tanyeri, Eric M. Johnson, Charles M. Schroeder

Department of Chemical and Biomolecular Engineering, University of Illinois at Urbana-Champaign

Abstract

http://chbe.illinois.edu/Faculty/schroeder.php

Planar Extensional Flow
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Pure extensional flow
can be described as a
“potential flow” with the
corresponding stream function (�\��
and velocity potential (�M��.  
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As seen from the velocity above,
there are no rotational components
and therefore the flow is purely
rotational.
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Summary

The hydrodynamic trap is based on a purely
extensional flow field created at the junction 
of two perpendicular microchannels where 
opposing laminar flow streams converge.

The flow field in the vicinity of the microchannel junction 
can be described as a potential flow with 
a semi-stable potential well and a stagnation point. 

An automated feedback-control mechanism is implemented
to steer the particle to the trap center through changing the
location of the stagnation point of the flow allowing active 
trapping of arbitrary particles in free solution. 

Acknowledgements: Funded by NIH Pathway to Independence (PI) Award, 4R00HG004183-03.
                                            Special thanks to Dr. Ben Schudel for insightful discussions on microfluidic device design.

Particle Trapping by Active Flow Control
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Trapping Single Particles

Trapping Method
Sti�ness (�N)
 (pN/nm)

Particle Size
(�Pm)

Displacement   
(nm) Force (pN)

Force Scaling with 
Particle Size, R
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Electromagnetic Tweezers

Diamagnetic Trap

Dielectrophoretic Trap
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(a) Confinement tightness due to thermal motion for a trapped particle diffusing in a potential well with stiffness �N��

(b) Estimates for the hydrodynamic trap demonstrated in this work.
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A particle at the stagnation point of the flow field is in a semi-stable potential well which is stable along the 
compressional axis (incoming flow direction) and unstable along the extensional axis (outgoing flow direction).

A particle at the microchannel junction experiences a net hydrodynamic force proportional to the 
magnitude of the flow field and moves along the hyperbolic streamlines.  However, if the particle 
is at the stagnation point, it experiences zero net force, attains zero net velocity and stays at the 
stagnation point until it moves out of the stagnation point due to Brownian motion.

When a particle arrives to the microchannel junction, the hydrodynamic forces
acting on the particle can be used to steer the particle to a specified target
location (trap center) along the extensional axis by manipulating the flow field.
The flow fields and therefore the location of the stagnation point can be 
manipulated by adjusting the relative resistivities of the outlet channels.
Trapping a particle is achieved when the particle and the stagnation point is
simultaneously moved to the trap center. In this case, the particle would 
experience zero net force due to the flow field and therefore be ‘trapped’ at the trap center.

Particle trapping and micromanipulation techniques have revolutionized biological sciences during the last 
two decades. Proteins, enzymes and cells have been studied extensively through manipulation methods 
based on optical, magnetic and electric fields. In this work, we present an alternative trapping method called 
the hydrodynamic trap which is based solely on hydrodynamic forces generated in a microfluidic device.

Background & Significance

Morphology-based Cell Sorting

Using the hydrodynamic trap, we successfully demonstrate trapping and manipulation of single cells and 
single particles with micron and sub-micron dimensions for arbitrarily long observation times. Brownian dy-
namics simulations show that the trap stiffness is comparable to alternative trapping techniques including 
magnetic traps. Overall, this new technique offers:

 �™��a venue for observation of biological materials without surface immobilization,
 �� �™��eliminates potentially perturbative optical, magnetic and electric fields, and 
 �™��enables the ability to vary the surrounding medium conditions of the trapped object in real-time.

10 �Pm

Four roll mill

In this work, we demonstrate the utillization of hydrodynamic forces for trapping micro and nanoscale particles in aqueous solutions. 
An automated particle trapping methods is developed based on planar extensional flow generated in a microfluidic device. Our method enables
trapping of micro and nanometer-sized particles (typically 1 �Pm) in low viscosity (1-10 cP) aqueous solutions and maintain the particle typically
within 1 �Pm of the trap center for arbitrarily long time scales (minutes to hours). As can be seen from the table, hydrodynamic trap is comparable
to other trapping methods in many aspects.

G.I. Taylor became the first scientist
to demonstrate trapping with 
hydrodynamic forces. 
He invented the “four roll mill” 
to trap millimeter-sized oil droplets
in viscous aqueous solutions 
to study emulsion formation 
under planar extensional flow.

Bentley et al. built a 
computer controlled version 
of the four roll mill to study 
particle and droplet dynamics. 
They achieved trapping of 
millimeter-sized droplets 
(typically 1 mm) and 
restricting the motion of 
the droplets within 0.5 mm 
from the trap center with 
shear rates up to 5 s-1.

A microfluidic version of the 
four roll mill has been demonstrated
by S.D. Hudson and S.J. Muller, 
however, it has only been used 
to trap carbon nanotube flocs
(typically ~100 �Pm in size) and
study the break up of aggregates
in highly viscous (500 cP) polymer
solutions.
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Overall schematic of the experimental control system

Photo of the microfluidic device on the
microscope with microfluidic connections
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Microfluidic hydrodynamic trap. (A) Schematic of the microfluidic device. 
(B) Flow-focusing of sample stream. (C) Trapping region.

Micrograph of the microfluidic device

Control Model for the Hydrodynamic Trap
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Block diagram of the control scheme for the hydrodynamic trap

Particle response to a step change in set point with: (A) �WIP = 0.4 , (B) �WIP = 0.05. 
Response times are given relative to the convective time scale G

-1
.

50 �Pm

Particle position vs. time along extensional axis for a trapped (green)
and an untrapped particle (red). Inset: Image of a bead trapped at stagnation point.

50 �Pm

The trajectory of a trapped particle (green) and four untrapped particles (red) overlaid
with the image of the microchannel junction.

We trapped fluorescent and non-fluorescent beads 
with various sizes ranging from 530 nm to 15 �Pm 
(trajectory of a 2.2 �Pm diameter fluorescent bead 
shown above). As shown here, the particle is trapped
for several minutes to within ±5 �Pm.40 �Pm

Time lapse micrograph of one trapped and many untrapped beads
(non-fluorescent) flowing through the cross-slot section of the 
microfluidic device. The trapped bead is marked with a yellow arrow.
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Power Spectra of the trapping data for a 1 um bead in compressional and extensional axis. 
The top two graphs are results from Brownian dynamics simulations for Pe = 3 (Peclet number)
The bottom two graphs are calculated from experimental traces.

The hydrodynamic trap offers an excellent 
platform to isolate and sort single cells based on
cell morphology from diverse biological samples. 
Our goal is to answer key biological questions
by performing single cell genome sequencing
 on unsequenced and uncultivated microorganisms 
with a distinct morphology.

Micrograph of a microbial sample isolated from the rumen of 
Norwegian reindeer. Two Oscillospira guilliermondii cells are
marked with white arrow.
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Schematic of hydrodynamic trap-based single cell sorting microdevice.

We have performed Brownian dynamics
simulations and obtained experimental
traces to calculate the trap stiffness
through power spectrum analysis. 
The results show that the stiffness values
for hydrodynamic trap lies within 
10-5 - 10-4 pN/nm which is comparable
with the magnetic trap.
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A thin elastomer membrane (30-100 µm) separates the �uidic and control layers and can be de�ected downwards
onto the �uidic layer by applying pressure to the control layer. Through membrane de�ection, the cross-sectional area
of the �uidic channel beneath the control layer may be adjusted with �ne-scale control. 
Therefore, the control layer acts as a dynamic pneumatic valve controlling �ow resistance in the �uidic layer,
which in turn controls the stagnation point position.

Micro�uidic �ow devices are constructed using multilayer (PDMS) soft-lithography techniques. 
The hydrodynamic trap is a two-layer PDMS/glass hybrid micro�uidic device consisting of 
a �uidic layer and a control layer. The �uidic layer contains a cross-slot geometry to 
generate a planar extensional �ow. The control layer is positioned on top of the �uidic layer. 


