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Using Feedback Control of Microflows to
Independently Steer Multiple Particles

Michael D. Armani, Satej V. Chaudhary, Roland Probst, and Benjamin Shapiro, Member, IEEE

Abstract—In this paper, we show how to combine microfluidics
and feedback control to independently steer multiple particles with
micrometer accuracy in two spatial dimensions. The particles are
steered by creating a fluid flow that carries all the particles from
where they are to where they should be at each time step. Our con-
trol loop comprises sensing, computation, and actuation to steer
particles along user-input trajectories. Particle locations are iden-
tified in real-time by an optical system and transferred to a con-
trol algorithm that then determines the electrode voltages neces-
sary to create a flow field to carry all the particles to their next
desired locations. The process repeats at the next time instant. Qur
method achieves inexpensive steering of particles by using conven-
tional electroosmotic actuation in microfluidic channels. This type
of particle steering does not require optical traps and can noninva-
sively steer neutral or charged particles and objects that cannot be
captured by laser tweezers. (Laser tweezers cannot steer reflective
particles, or particles where the index of refraction is lower than
(or for more sophisticated optical vortex holographic tweezers does
not differ substantially from) that of the surrounding medium.) We
show proof-of-concept PDMS devices, having four and eight elec-
trodes, with control algorithms that can steer one and three par-
ticles, respectively. In particular, we demonstrate experimentally
that it is possible to use electroosmotic flow to accurately steer and
trap multiple particles at once. [1541]

Index Terms—Electroosmotic actuation, electrophoretic, feed-
back control, microfluidics, particles, steering, trapping.

I. INTRODUCTION

HE ability to steer individual particles inside microfluidic
Tsystems is useful for navigating particles to localized
sensors, for cell sorting, for sample preparation, and for com-
binatoric testing of particle interactions with other particles,
with chemical species, and with distributed sensors. A variety
of methods are currently used to manipulate particles inside
microfluidic systems: individual particles can be steered by
laser tweezers [1]-[3]; they can be trapped, and steered to
some degree, by dielectrophoresis (DEP) [4]-[7]; and by trav-
eling-wave-dielectrophoresis (TWD) [7], [8]; held by acoustic
traps [9]; steered by manipulating magnets attached to the
particles [10]; and guided by a MEMS pneumatic array [11].
There is also a feedback control approach (similar to the one
developed in this paper) used by Cohen [12], [13] to trap and
steer a single particle, but not yet multiple particles, using
electroosmotic or electrophoretic actuation.
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Of these methods, laser tweezers are the gold standard for
single particle manipulation. Ashkin’s survey article [1] pro-
vides a history of optical trapping of small neutral particles,
atoms, and molecules. Current laser tweezer systems can create
up to 400 three-dimensional (3-D) traps, they can trap particles
ranging in size from tens of nanometers to tens of microme-
ters, trapping forces can exceed 100 pN with resolutions as fine
as 100 aN, and the positioning accuracy can be below tens of
nanometers [2], [14]. However, optical tweezers require lasers
and delicate optics and the whole system is unlikely to be minia-
turized into a handheld format. The other methods aforemen-
tioned (DEP, acoustic traps, manipulation via attached magnets,
and steering via pneumatic arrays systems) can be miniaturized
into handheld formats but their steering capabilities are not as
sophisticated as those of laser tweezers.

Our approach uses vision-based microflow control to steer
particles by correcting for particle deviations—at each time we
create a fluid flow to move the particles from where they are
to where they should be. This allows very simple devices, actu-
ated by routine methods, to replicate the planar steering capabil-
ities typically requiring laser tweezers. We have shown that our
approach permits a PDMS device with four electrodes to steer
a single cell, and a device with eight electrodes to steer up to
three particles simultaneously. The method is noninvasive (the
moving buffer simply carries the cells along), the entire system
can be miniaturized into a handheld format (both the control
algorithms and the optics can be integrated onto chips), we can
steer almost any kind of visible particle (neutral particles are car-
ried along by the electroosmotic flow, charged particles are ac-
tuated by a combination of electroosmosis and electrophoresis),
and the system is cheap (the most expensive part is the camera
and microscope, and these will be replaced by an on-chip op-
tical system for the next generation of devices).

Due to the correction for errors provided by the feedback
loop, the flow control algorithm steers the particles along their
desired paths even if the properties of the particles (their charge,
size, and shape) and the properties of the device and buffer (the
exact geometry, the zeta potential, pH, and other factors) are
not known precisely. The fundamental disadvantage of our ap-
proach is its lower accuracy as compared to laser tweezers: our
positioning accuracy will always be limited by the resolution
of the imaging system and by the Brownian motion that parti-
cles experience in-between flow control corrections. Our cur-
rent optical resolution is on the order of 1 pm, and the particle
Brownian drift during each control time step is less than 80 nm.

Both feedback and microflows are essential for our particle
steering capability. Feedback is required to correct for particle
position errors at each instant in time. Microfluidics is required
because macroflows exhibit more complex dynamics, due to
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Fig. 1. Feedback control particle steering approach for a single particle. A microfluidic device with standard electroosmotic actuation is observed by a vision
system that informs the control algorithm of the current particle position. The control algorithm compares the actual position against the desired position and
finds the actuator voltages that will create a fluid flow, at the particle location, to steer the particles from where it is to where it should be. The process repeats

continuously to steer the particle along its desired path.

their momentum effects, and it is not possible to find the external
actuator inputs that will reliably create macroflows to steer par-
ticles. On the microscale, the Stokes equations can be inverted
to determine the necessary actuation that will steer many parti-
cles at once.

This paper presents a proof-of-concept: we show experimen-
tally that it is possible to steer up to three particles at once
using a simple eight electrode PDMS device. The paper is or-
ganized as follows: Section II provides an overview of the feed-
back particle steering method, device fabrication is discussed in
Section III, experimental methods for system operation are de-
scribed in Section IV, the control algorithms are summarized
in Section V, and experimental particle steering results are pre-
sented in Section VI.

II. OVERVIEW OF STEERING BY FEEDBACK FLOW CONTROL

Fig. 1 shows the basic control idea for a single particle: a mi-
crofluidic device, an optical observation system, and a computer
with a control algorithm, are connected in a feedback loop. The
vision system locates the position of the particle in real time,
the computer then compares the current position of the particle
with the desired (user input) particle position, the control algo-
rithm computes the necessary actuator voltages that will create
the electric field, or the fluid flow, that will carry the particle
from where it is to where it should be, and these voltages are
applied at electrodes in the microfluidic device. For example, if
the particle is currently north/west of its desired location, then
a south/east flow must be created. The process repeats at each
time instant and forces the particle to follow the desired path
(see also, [15]).

Both neutral and charged particles can be steered in this way:
a neutral particle is carried along by the flow that is created by
electroosmotic forces, a charged particle is driven by a com-
bination of electroosmotic and electrophoretic effects. In either
case, it is possible to move a particle at any location to the north,
east, south, or west by choosing the appropriate voltages at the
four electrodes. It is also possible to use this scheme to hold a

particle in place: whenever the particle deviates from its desired
position, the electrodes create a correcting flow to bring it back
to its target location.

Surprisingly, it is also possible to steer multiple particles in-
dependently using this feedback control approach [16]. A multi-
electrode device is able to actuate multiple fluid flow or electric
field modes. Different modes cause particles in different loca-
tions to move in different directions. By judiciously combining
these modes, it is possible to move all particles in the desired
directions.

The development of a control algorithm that can combine
modes in this manner is our key theoretical contribution: this
algorithm is described in detail in [16] and is summarized here
in Section V-C. The algorithm requires some knowledge of the
particle and system properties (charged particles exhibit elec-
trophoresis and react differently than neutral particles) but this
knowledge does not have to be precise: the reason is that feed-
back, the continual comparison between the desired and ac-
tual particle positions, serves to correct for errors and makes
the system robust to experimental uncertainties [17], [18]. Even
though our experiments have sources of error, some of which
are unavoidable, such as variations in device geometry, para-
sitic pressure forces caused by surface tension at the reservoirs,
Brownian noise, and variations in zeta potentials and charges on
the particles—our control algorithm still steers all the particles
along their desired trajectories.

III. SYSTEM FABRICATION

We describe the fabrication of the four- and eight-electrode
PDMS devices for single and multiparticle steering.

A. Fabrication of the Four Electrode PDMS Device

The microfluidic devices were fabricated using the soft
lithography steps described in [19]. Fig. 2 shows the fabrication
sequence for the PDMS device of Fig. 3 that was used to steer
a single particle by electroosmotic flow control.

The masks for the device were designed using LEDIT
software (Tanner EDA) and exported as GDS file-types.
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Fig. 2. Fabrication sequence for the microfluidic particle steering PDMS de-
vices.

Fig. 3. Left: photograph of the PDMS on glass device filled with blue coloring
(1% Methylene Blue(aq)) to clearly show the microfluidic channels and reser-
voirs. The two channels are 2 cm long, 50 pmn wide, and 11 g deep. Right:
schematic of the channel intersection and the 25 mm X 25 mm particle steering
control area. In this device, the roughness was measured by a profilometer to be
59.2 nm for the PDMS top covering and 27.8 nm for the bottom glass cover slip.

Chromium/glass masks were then obtained from Berkeley Mi-
croLab (which used a GCA Mann 3600 Pattern Generator and
mask developer to produce 5-in wafers with features accurate
to 10 nm).

An SUS8 master template was created on a silicon wafer. The
100-mm basic grade, single side silicon wafers were obtained
from UniversityWafer. The wafers were baked at 200 °C for 1 h
to dehydrate the wafer surface, 4 ml of SU8-5 (Microchem) was
deposited on the polished side of the wafer and was spin coated
at 500 rpm for 5 s and then 1100 rpm for 30 s. This was followed
by a softbake (95 °C for 30 min), UV exposure (650 mJ/ cm2),
post-bake (95 °C for 30 min), and development in SU8 devel-
oper (Microchem). The wafer was rinsed in liberal amounts of
isopropanol, methanol, and deionized water and blowdried with
nitrogen.
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The next step was the creation of PDMS microchannels by
replication molding. Ten-part silicone elastomer (Sylgard 184,
Dow Corning) was mixed with one-part curing agent (Sylgard
184, Dow Corning) and poured over the silicon wafer, which
was contained in a large Petri dish. The PDMS mixture was
poured to a height of 3 mm above the wafer surface. The PDMS
was cured at room temperature for 24 h. A razor blade was then
used to cut out the section of PDMS containing the channels, and
tweezers were used to peel off the PDMS with the microchan-
nels facing down.

A 3 x 1-in microscope slide (Fisher Scientific) was used as
a bottom surface for the 4-electrode devices and a 4-in diam-
eter Pyrex wafer (Mark Optics) was used for the larger 8-elec-
trode devices. We used a simple PDMS/glass bonding technique
described in [20] and [21]. The PDMS was pressed on top of
the glass substrates, it conformed to minor imperfections in the
glass and bonded to it by weak van der Waal forces [20], cre-
ating a reversible bond and a watertight seal. As noted in [21],
sealing was fast, occurred at room temperature, and would with-
stand fluid pressures up to 5 psi.

Holes were stamped in the PDMS using a 10-mm cork borer
(McMaster Carr) for electrical and fluid access to the channels.
The devices were filled with deionized water as described in
Section IV. Wire electrodes (30-gauge platinum wire, Surepure
Chemetals, Inc.) were inserted into the four holes by hand. The
platinum electrode material was chosen because it prevents elec-
trode erosion, which occurs through electrolysis.

A photograph of the PDMS device and a schematic view of
the cross-channel particle-control region is shown in Fig. 3. The
small 11 pm channel depth and the large reservoir geometry
of the device were chosen to minimize the effect of parasitic
surface-tension-driven pressure flows, which act as flow errors,
compared to the desired electroosmotic flow control velocities.

B. Fabrication of the Eight Electrode PDMS Device

The fabrication of the eight electrode devices was similar
to the four electrode devices but with modifications based on
lessons we learned from steering a single particle.

The size of the reservoirs was increased, and the electrodes
were moved further away from the entry of the channel into the
reservoir to decrease the effect of electrochemical phenomena
(such as electrolysis and acid/base fronts that originate at the
electrodes [22]) on flow in the channels. To fit the larger 8-reser-
voirs geometry we used a 4-in diameter Pyrex glass wafers in-
stead of the 3 x 1-in microscope glass slides. PDMS reservoirs
were fabricated, as opposed to stamped, by including the reser-
voir shapes in the SU8 master template thereby creating more re-
peatable device geometries. Access holes to the reservoirs were
still created by stamping. The channels lengths were shortened
to 7 mm so that a lower voltage would create the same electric
field and flow velocity in the central control chamber.

IV. EXPERIMENTAL METHODS

Here we describe the materials used in the experiment, the
actuation method, and the vision system that is used to track
the particles in real time. The control algorithm for steering a
single particle is described in Section V-B and the algorithm for
multiple particles is summarized in Section V-C.
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A. Materials Used

The device, glass, and electrode materials are described in
Section III. For all experiments we used deionized water (J.T.
Baker HPLC grade) with resistivity 1.25 M2 cm (measured
using a Keithley 2400 Source Meter) and pH of 6.0 £0.25 (as
measured by Fisher Liquid Universal pH Indicator [pH mea-
surement range 4—10]). Ultrapure deionized water is expected
to have a pH of 7.0 and resistivity of 18.0 M2 cimn, but exposure
to carbon dioxide in air typically results in a lowered pH of 5.7
and resistivity of about 1.0 M{2 cm [23].

For steering of cells, we incubated bakers yeast (Red Star,
Giant Food) for 24 h in sugary water (30 mg glucose per
milliliter). To make a single-cell suspension, we filtered the
yeast solution using a 10-um polyester filter (Fisher Scientific).
This filtered yeast solution was added to the deionized water
at 10 mg/ml. To prevent cell adhesion to solid surfaces, chan-
nels were filled with 20 mg/ml bovine serum albumin (BSA)
(Sigma-Aldrich), left for 30 min, and flushed five times with
ethanol. We also added 1 mg/ml BSA to the buffer solution to
prevent cells from sticking to each other and to replenish anti-
stick surface coatings during the particle steering experiments.

For steering of beads, we used either Polysciences brand
polystyrene beads (diameter 5 ym £ 0.975 pm standard devia-
tion) or Duke Scientific fluorescent polystyrene beads (diameter
2.2+ 0.11 pm). Bead solution was added to deionized water to
achieve bead concentrations that would yield just a few beads
in the control chambers. No BSA pretreatment or addition was
necessary for experiments using beads.

B. Electroosmotic Flow Actuation and Particle Velocities

Platinum electrodes inserted into the four or eight reservoirs
actuate the fluid flow. The voltage on the electrodes is set by the
control algorithm (Section V) running on a personal computer
(Dell Precision Workstation 530, Xeon 1.7 GHz, 2 GB memory,
WinXP), is sent to a digital-to-analog signal converter (National
Instruments DAQ), and is then passed to a 17—channel opera-
tional amplifier (APEX). For the two experiments, we used 4
and 8 out of the 17 available amplifier channels with a range
of £30 and +£10 V, respectively (the eight electrode device had
shorter channels and required less voltage). The resulting elec-
tric fields create electroosmotic flow in the device and the flow
velocity is given by [24], [25]

V(z,y) = %Eu,y) (1)

where E is the local electric field, it varies in the x,y direc-
tions and is uniform in the vertical z direction, ¢ is the permit-
tivity of the liquid, 7 is its dynamic viscosity, and ( is the zeta
potential at the liquid/solid interface. We measured the value
of our electroosmotic mobility by a current monitoring tech-
nique (as in [26]), and found V/E = u = (36.5 + 3.6) x
1079 m2 V~! s~ which is in good agreement with values of
36x1079m?2 V-ts~tand 40 x 1072 m2? V=1 s~ reported for
PDMS/glass channels at neutral pH [26], [27]. Our zeta poten-
tial ¢ followed from (1) above which, for water at 25 °C, yielded
( =469+ 7.6 mV.

Particles are carried along by the electroosmotic flow, but
charged particles also experience electrophoretic velocities.
In the literature, electrophoretic mobilities have been re-
ported for 50 nm to 1 pm diameter latex beads (¢ = —45
to =79 x 1072 m? V~1 s~1), for bacteria (—3.3 to —45 x
1079 m?2 V=1 s71), yeast (=11 to =31 x 1072 m?2 V—1 s71),
endothelial cells (—7.4 x 1072 m? V=1 s71), erythrocyte
cells (=10.3 x 1072 m? V! s71), and lymphocyte cells
(—25.3 x 1079 m? V—1 s71) [28]-[35]. Our beads and cells
acquire a surface charge depending on their surrounding pH,
temperature, the concentration of the particles, and the type of
impurities in the medium [24], [36].

We do not rigorously control pH, temperature, concentration,
and impurities in our simple devices and this makes it difficult
for us to measure electrophoretic mobilities reliably. (Recall that
the steering algorithm does not need an accurate measurement
of the particle mobilities. It works even if the mobilities are only
known to within £50%.) During the steering experiments, the
net particle mobilities are first measured on-line as described in
Section IV-D.

We have also measured mobilities independently off-line
using devices with longer (5.6 cm) channels and applying a
lower electric field (48.3 V across 5.6 cm versus 10 V across
1.4 cm) to limit, and keep the particles further away from,
regions of electrochemistry. The 5.0 pm polystyrene beads had
a net (electroosmotic plus electrophoretic) mobility of m =
u+c=(-20.8+2.0)x 1072 m? V-1 s71, the 2.2 um beads
had m = (=55.5 + 12.0) x 1072 m? V=1 s~  and the yeast
cells had m = (+13.2 £ 3.3) x 1072 m2 V~1 s~1. This then
gives a measurement of the electrophoretic mobility ¢ as m — u.

C. Vision System to Locate Particles in Real Time

The same vision system was used for both single and
multiple particle tracking. It included a 40x magnification
transmitted-light microscope (Nikon TS100); a 40 frames-
per-second, 480 by 640 gray-scale pixel camera (Vision Com-
ponents, VC2038E DSP, Ettlingen, Germany); and a digital-
signal-processing (DSP) unit located inside the camera that
evaluated the particle-tracking algorithm (described below). For
steering of the fluorescent 2.2 pum beads in the eight electrode
devices, the vision system further included a bright 1 Watt
LED light source [465 nm (blue), Luxeon], and a high-pass
filter before the camera (480 nm and up, Chroma Technology
Corporation), so that the beads, which emit light at 510 nm
(green), were seen more clearly as green on black.

The image-processing algorithm runs on the DSP unit in the
camera and tracks the location of all particles of interest. It
is a combination of an algorithm that finds all particles in an
image frame and an algorithm that tracks individual particles
(see Fig. 5). A search window surrounds each particle that will
be controlled. The algorithm compares the image in the window
to a reference image with no particles resulting in a difference
image. This image data is converted to run-length-code (RLC),
thresholded, filtered, and operated on by an algorithm that finds
the center of mass of each particle. Before sending these posi-
tions to the controller, an algorithm, based on a Kalman filter
[37], determines whether each computed position belongs to
the same particle or to an unrelated neighboring particle. The
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Kalman filter works by predicting the future position of all par-
ticles based on current predicted velocities that are estimated by
prior particle position and the time between frames. The filter
allows the tracking of individual particles through swarms of
other particles.

This image processing and tracking software was coded in C
and then compiled into fast assembly routines for the camera.
The method finds the position of all the particles in the field of
view in less than 25 ms and passes those (z, y) positions to the
control algorithm.

D. Experimental Sequence

With the devices and vision system as described earlier, we
now describe the experimental sequence to achieve particle
steering. We first pressed the microchannel PDMS layer on a
microscope glass slide or a Pyrex wafer and filled the channels
with ethanol to make the channels hydrophilic. A drop of
ethanol at one channel entry filled the entire structure. We
then filled the reservoirs with deionized water using a pipette
(1000 pL adjustable volume, Eppendorf) and allowed the water
to mix with the ethanol. The water/ethanol solution wicks from
the reservoirs into the chamber to fill the entire device. Ethanol
evaporates faster than water and so we placed the device on
a hot plate, at 40°C for 30 min, to preferentially evaporate
the ethanol. Then all reservoirs were once again filled with
deionized water to flush the device. This filling procedure was
reliable and eliminated air bubbles.

Next we placed the device onto the inverted microscope and
positioned it with the x-y stage to center the control chamber
into the camera image plain. We inserted platinum electrodes
into the reservoirs by hand and introduced particles into the
system through one of the eight reservoirs. A voltage was ap-
plied on an opposing electrode to create an electroosmotic flow
that moved the particles into the control region.

Before carrying out a particle steering experiment, we need
to find the net mobility of the particles (electroosmotic plus
electrophoretic), and provide that number to the model (Sec-
tion V-A), so that the multiparticle steering algorithm (Sec-
tion V-C), which operates on the model, has an approximately
correct net mobility parameter. We measure the net particle mo-
bility (m = ¢ + u) on-line by applying a constant 10 V ac-
tuation at one electrode, while all the other electrodes are set
to zero, and measuring the resulting velocity of one particle in
the straight channel leading away from the activated electrode.
Measurements for the bead and cell velocities yield net mobil-
ities m = —16 to —35 x 107 m? V1 s~ for the 5.0 yum
beads, m = —32 to —60 x 1079 m2 V-1 s~ for the 2.2 pm
beads, and m = —20 to —40 x 10~ m2 V—1 s~ for the yeast
cells. The more uncertain on-line measurements largely overlap
the off-line measurements (see Section IV-B) for the 5.0-pum
beads (—20.8 £ 2.0) and the 2.2—pm beads (—55.5+12.0), but
the two measurement techniques provide different results for the
yeast cells. The results from the on-line measurements are used
in the control algorithm because they provide a measure of the
mobility of the particles in the control chamber, as opposed to
mobilities of particles in a different device. All the experimental
results of Section VI-B were achieved using mobility data from
the on-line measurements.
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To carry out the particle steering control, we choose (by la-
beling particles within the vision algorithm by user directed
mouse clicks) particles of interest from the numerous particles
floating in the control region, and we assign desired paths to
these chosen particles. The vision system tracks each of these
particles individually, and the control algorithm creates spatially
and time-varying flow fields that steers all these chosen particles
along their desired paths. The vision system images and the con-
trol electrode voltages are updated every 0.20 and 0.033 s, for
the single and multiparticle steering experiments, respectively
(in the older, single particle setup the camera and software were
not yet synchronized).

V. PARTICLE STEERING CONTROL ALGORITHMS

In this section we describe a model of the fluid flow and par-
ticle motion in our devices, then we discuss a simple control al-
gorithm used to steer a single particle, and a more sophisticated
control algorithm that we use to independently steer multiple
particles at once.

A. Model of Fluid and Particle Motion

In order to create the control algorithm that steers multiple
particles independently, we require a model that describes the
(neutral or charged) particle motions that results from any elec-
trode actuation. It is possible to design a control algorithm for
single particle steering without reference to a model but, even
in that case, a model provides valuable insight. Details of our
model are covered in [16] and are summarized next.

Fluid dynamics in our devices is described by the Navier
Stokes equations [38]. Electric fields are governed by Laplace’s
equation, the electrostatic limit of Maxwell’s equations [39].
Electroosmotic slip velocity boundary conditions [24] are en-
forced at the floor and ceiling of the devices. The vertical di-
mension is assumed small compared to the planar device dimen-
sions. We also assume that the voltage is varied smoothly and
slowly. The result is that the fluid flow simplifies to a uniform
velocity profile in the vertical direction, and its velocity field at
any time and place is given by a coefficient times the electric
field, i.e., V = uk [16] where u is the electroosmotic mobility.

If the particles are neutral and sufficiently small they flow
along with the fluid. This electroosmotic velocity of the particles
Veo is given by Veo = uk. If the particles are charged then they
also experience electrophoretic velocities Vep given by Vep =
cE [24], [25], where c is the electrophoretic mobility. Net par-
ticle velocity is therefore Vet = Vo +Viep = (u+ c)E’ =mE
where 1 is the net particle mobility. Variations in the electroos-
motic zeta potential and the amount of charge on the particles
can change the coefficient m, but the control algorithm is ro-
bust to these variations. The net particle mobility coefficient
m is measured before we begin our steering experiments (see
Section IV-D). Particles also exhibit Brownian motion, which
is treated by an appropriate noise term in the model [16].

B. Single Particle Steering Control Algorithm

Even a very simple control algorithm is sufficient to steer a
single particle. The basic feedback control steering concept is
described in Section II. In the four-electrode device, the north
and south electrodes can create a primarily north or south flow
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Fig. 4. Left: the 8-electrode PDMS on glass device. Here the white bulb shapes
are the eight reservoirs (big reservoirs are used to minimize surface tension
driven pressure flows and electrochemical effects), platinum wire electrodes are
brought in contact with the fluid in the reservoirs. In these wells, the 8 channels
(each 7 mm long, 50 pm wide, 11 yum deep) are not visible, and a blue LED
light (used to illuminate the fluorescent particles) brightly illuminates the center
of the device. Right: a mask (a zoom) of the particle steering region (300 pm
diameter, 11 pm deep).
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Fig. 5. The real time algorithm for finding the («, y) positions of all the parti-
cles. A reference image is taken of the device when there are no particles in the
chamber. Then, for each incoming camera image, we subtract away the refer-
ence image to create a differential image that isolates the pixels corresponding
to the moving particles. The differential image is threshold to remove the effects
of noise and the centroid for each particle is computed. A Kalman filter allows
tracking of individual particles.

and the east and west electrodes can create an east or west flow.
In the simplest control algorithm [15], each electrode pair cor-
rects for particle position along its own axis independently of
the other electrode pair.

Specifically, if the particle is more then five pixels north from
its desired north/south elevation then the north electrode applies
430 V and the south electrode applies —30 V. Once the particle
is within five camera pixels, a lower 212 V actuation is used.
The east/west electrodes work the same way. This algorithm

S TBesAN
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fluid mode 7

Fig. 6. Electroosmotic microflow modes for the 8-electrode device of Fig. 4.
The first, third, fifth, and seventh electroosmotic fluid modes are shown, as com-
puted by the fluid flow model of Section V-A and [16]. The two neutral particles
A and B (shown as black dots above) will then experience the velocities shown
by the arrows. To actuate mode 5, the following voltages must be applied at the
eight electrodes: —4.7V, 1.2V,2.67V, —4.36V,4.8V, —1.15V, =275V, 4.27
V (listed clockwise from the north electrode).

is sufficient to keep a yeast cell within one pixel of its desired
trajectory (see Fig. 9). For our current optical setup, this pixel
error corresponds to a tracking accuracy of 1 pm.

C. Multiple Particle Steering Control Algorithm

The multiparticle steering control algorithm is more sophis-
ticated than the single particle algorithm: its operation relies on
inversion of the flow and electric fields predicted by the model of
Section V-A. The algorithm is described in detail in [16] and is
explained briefly below. Although the algorithm reported in [16]
was validated only against numerical simulations, it turns out
that we did not have to change it to implement particle steering
in our eight electrode experiments. We also note that the square
device geometry described in [16] differs from the current (more
practical) central hub with channels and reservoirs geometry, but
the control algorithm operation is the same for both geometries.

The eight-electrode device shown in Fig. 4 can create seven
independent electric/fluid modes (one of the eight electrodes
acts as ground so only 7 degrees of freedom remain). Four of
these seven modes are shown in Fig. 6. The key point is that the
different modes force particles at different locations in different
directions (see particles A and B in Fig. 6): by intelligently ac-
tuating a combination of modes, we can force all the particles
towards the right locations at each instant in time. Since each
particle has two degrees of freedom (an x and a y position), the
eight-electrode device can precisely control up to three particles
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Fig. 7. Steering of three charged particles (2.5 gm diameter, electrophoretic mobility ¢ = —10 x 1072 m? V~! s—!) by electroosmotic fluid actuation and

feedback control in the 8-electrode device (in simulation). The view is from above. Three time instants are shown. The vectors are the resulting fluid velocities in the
device, the small black dots are the three particles to be controlled, the thick grey curves indicate the desired trajectories of the particles, and the thin black curves
indicate the actual trajectories of the particles. In this simulation, the particles start from initial positions that do not correspond to their initial desired positions,
and the system has a realistic amount of Brownian thermal noise corresponding to particles of this size, at room temperature, in water.

(particle degrees of freedom 3 x 2 = 6 < 7 actuation degrees
of freedom).

The control algorithm works in two parts. The first part (inver-
sion) determines the electrode voltages that would steer the par-
ticles along desired directions if there were no errors or sources
of noise. The second part compares the actual particle loca-
tions to the desired locations and applies voltages to correct for
any particle position errors (feedback). In both parts, the nec-
essary electrode actuation is predicted based on the model of
Section V-A. The flow or electric field actually created in the
device will differ from the one predicted by the model, but so
long as the flow field is sufficiently accurate to move the parti-
cles from where they are to closer to where they should be, the
scheme will work—even an imperfect model allows effective
feedback control [17], [40].

The first (inversion) portion of the control computes the elec-
trode voltages that will create the desired particle velocities.
Based on the model of Section V-A, there is a linear mapping
between the applied electrode voltages and the resulting veloci-
ties of the particles. The mapping is linear because the particles
follow the electric field, either due to electroosmosis (neutral
particles) or electroosmosis and electrophoresis (charged parti-
cles), and the electric field is linear in the applied actuator volt-
ages. This linear mapping is different for different particle loca-
tions. At each instant in time, for the current set of particle po-
sitions, we compare the linear subspace of achievable particle
velocities with a vector of all the desired particle velocities. We
then solve a least squares problem to find the electrode voltages
that will create a set of achievable velocities (in the achievable
velocities subspace) that is as close as possible to the vector of
desired particle velocities. (If we have more actuators than par-
ticle degrees of freedom then we can solve this problem exactly.
If not, the least squares solution provides the best possible an-
swer.) The process repeats at each time instant for each new set
of particle positions.

The second (feedback) portion of the controller compares the
actual positions of the particles at each instant to their desired
locations. The error between the desired and actual positions
is multiplied by a nonlinear feedback gain (feedback lineariza-
tion [41]) to create a set of correction electrode voltages that are

added to the voltages computed in the inversion step. The ben-
efit of the feedback linearization approach is that it guarantees
global stability [41]: even if the position of the particles deviates
by an arbitrary amount from their desired trajectories, the feed-
back control algorithm will still force the particles back to their
desired paths (see Fig. 13). Fig. 7 shows three particles being
steered using the above algorithm in a simulation of the 8-elec-
trode device.

VI. EXPERIMENTAL RESULTS

Here we show experimental results for steering of single and
multiple, charged and nearly neutral, particles along various de-
sired trajectories.

A. Steering a Single Particle

Fig. 8 shows the steering of a charged bead along a Fig. 8
in the 4-electrode device. The surface charge on the bead leads
to an approximate electrophoretic mobility of (—57.3 & 5.6) x
1072 m? V—1 s71. The precise surface charge on the bead is
not known (it depends in a complicated way on the pH, temper-
ature, concentration and type of impurities in the surrounding
medium), and is not required by the control algorithm.

The experiment of Fig. 8 was performed before we had opti-
mized the 4-electrode single particle steering device, as a result
the particle steering accuracy is poor. For the field of view used
in the single particle experiments, each pixel in the camera cor-
responds to a distance of 917 nm in the x direction and 687 nm
in the y direction. The deviation between the actual and desired
path in Fig. 8 is about 3 pixels, hence, our steering accuracy here
is about 3 pm.

Fig. 9 shows the steering of a 5-um-diameter yeast cell
along a University of Maryland (UMD) path. Yeast cell elec-
trophoretic mobilities have been reported to vary between
(—=11to —21)x 1072 m=2 V=1 571 [33]. The yeast cell is less
charged than the polystyrene bead but it is still not perfectly
neutral. Again, the exact charge or mobility of the cell is not
important in terms of control and here the chosen cell was
steered to an accuracy of one camera pixel (better than 1 pm)
without using precise charge or mobility information. This
experiment was an optimized version of the one in Fig. 8.
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Fig. 8. Control of a bead with significant surface charge along figure “8”. The bead has an approximate electrophoretic mobility of ¢ = (=57.3 £ 5.6) X
107° m? V=1 s~!. (By comparison, the electroosmotic mobility of our PDMS devices is u = (36.5 £ 3.6) x 107 m? V—! s—1.) Left: photograph of the
microfluidic devices with the figure “8” path superimposed on the image. Right: the actual path of the chosen 5 pm polystyrene bead (Polysciences Inc.) (black
circle) in the feedback control experiment. Snapshots are shown at six equally spaced times. The bead follows the required trajectory to within 3 gein.
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Fig.9. Steering of aslightly charged yeast cell along a UMD path. The cell has an approximate electrophoretic mobility of ¢ = (—23.3£6.9)x10 2 m? Vs~ 1.
Left: photograph of the microfluidic devices with the cursive “UMD” path overlaid on the image. Right: the actual path of the chosen 5-pm yeast cell (Red Star
yeast) (black dot) in the feedback control experiment. Snapshots are shown at 6 equally spaced times for each letter. The yeast cell follows the required trajectory
to within 1 pm. (This experiment was an optimized version of the Fig. 8 experiment.)

B. Steering Multiple Particles

Our 8-electrode device has 7 degrees of freedom (one elec-
trode is ground) and can precisely steer up to three particles
(each particle has 2 degrees of freedom). Fig. 10 shows the si-
multaneous steering of three polystyrene beads along three cir-
cular paths.

As noted in Section V, the control algorithm can trap particles
by forcing a particle to move back to its desired position when-
ever it deviates away due to external forces. This can be done
even while other particles are being steered along their paths.

Fig. 11 shows the steering of two beads along two circular paths
while a third bead is controlled to stay at a fixed location. The
better than 1 pm trapping accuracy is set by the optical resolu-
tion of the vision system.

Both neutral and charged particles can be steered. We did
not have access to particles that remain perfectly neutral when
immersed in water, but Fig. 12 displays the motion of three yeast
cells, which acquire less surface charge than the beads, being
steered along two circles and a “UMD” path.

It was noted in Section V-C that the steering control algo-
rithm can correct for large errors, it can steer chosen particles
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Fig. 10. Steering of three fluorescent beads (2.2 ym diameter, Duke Scientific) with large surface charge (electrophoretic mobility of —92.0 + 15.6 X
1079 m? V~1 s~1) around 3 circles. The electroosmotic mobility of our PDMS devices is u = (36.5 £ 3.6) x 1072 m? V~! s~1. In the experiment, the
fluorescent beads appear as small green dots on a black background and the device geometry, which does not fluoresce, is not visible. Here, the white dots are the
beads (enlarged), the blue curves are the actual trajectories that the target beads have traced out (overlaid), and the dashed white curves (also overlaid) show the
geometry of the channels and the particle control chamber. Snapshots are shown at three time steps. The three beads are being steered to within an accuracy of
one pixel (corresponding to less than 1 pn). The desired paths are not shown because, at this image resolution, they would perfectly underlay the actual paths.

Fig. 11. Steering of 2 fluorescent beads (2.2 pm diameter, Duke Scientific) around 2 circles while a third bead is held stationary. The trapped bead is marked by
an arrow, and is trapped by the control algorithm to an accuracy of better than 1 pm. Every time the bead deviates from its desired position, a flow is created that
pushes the bead back towards its desired location. (The format of the figure is the same as in Fig. 10.)

{‘ W\ veast

f

Imperfection
in PDMS surface

Fig. 12. Steering of three yeast cells (5 ¢m diameter, Red Star, Giant Food) with small surface charge (electrophoretic mobility ¢ = (—23.3 £ 6.9) X
107° m? V~1 s71) around two circles and a “UMD” path . The cells do not fluoresce. In these images there is no high-pass filter before the camera and the raw
images are shown. The yeast cells are visible as small black dots with a white center (the three target cells are marked with a white arrow in each image), and
the white curves are the trajectories that the target cells have traced out. The three beads are being steered to within an accuracy of one pixel (corresponding

to less than 1 pn).

to their desired locations even if they are initially far away. This
capability is demonstrated in Fig. 13. Here the control has been
turned off for 11 s until the beads have drifted away a large dis-
tance, the control is then turned back on and the algorithm drives
the original three beads back to their desired paths.

C. Particle Steering Accuracy

The spatial accuracy of our particle steering is determined
primarily by the field of view associated with a single camera

pixel. In the single particle experiments, one camera pixel cor-
responded to a spatial displacement of 917 nm in the z direction
and 687 nm in the y direction (the pixels are rectangular). In the
multiparticle experiments, a slightly smaller field of view was
used, and one pixel corresponded to 625 and 468 nm distances,
respectively. Both the single and multiple particle algorithms
steer the particles to within one pixel of their desired paths. This
single pixel deviation corresponds to a maximum spatial error
of 0.917 and 0.625 pm for the single and multiparticle steering
experiments, respectively.
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Fig. 13. The control algorithm can correct for large errors in particle positions. This figure shows steering of three fluorescent beads (2.2 pm diameter, Duke
Scientific) around three circles. At time t = 24 s, corresponding to bead positions marked A1, A-, and A3, the control was turned off for 11 s, allowing the
particles to drift away (primarily due to the slow parasitic flow caused by surface tension forces at the reservoirs) by up to 150 gm. The control was then turned
back on at t = 35 s (B, B», and B3), and the control algorithm steered the three original beads back to their desired positions (C;, C», and C3). Four time
instants are shown. (a) Right before control is turned off. (b) Right before control is turned back on (the three beads have drifted away a large distance). (c) At a
time when the beads are back on track. (d) Final time when the beads have completed the remainder of their three circular paths (again to an accuracy of better than
1 pm). The two straight lines in the last image illustrate the left and right boundaries of the control region. In Section V-C, the control voltages scale with the size
of the position errors. Position errors are very large and this would lead to very large control voltages. Therefore, the control scheme has been slightly modified: the
control gain per particle is scaled in such a way that the voltage remains within the allowable [— 10, +10] V range. (Format of the figure is the same as in Fig. 10.)

The other sources of errors are much smaller. There is an error
due to the finite control update time. Control inputs are updated
every 0.20 s (for the older single particle experiments) and every
0.033 s (for the multiparticle experiments). During this control
update time dt the particle can deviate away from its desired
location due to Brownian motion. The deviation amount dg is
predicted by [24]

kTdt

3rna

§p =

1.3807 x 10~23 JK™' x 300 K x 0.033 s
3 % 3.14 x 0.001 Ns/m® x 2.5 x 10=6 m

=76 nm

where k is the Boltzman constant, 7 is the ambient temperature,
dt is the time interval, 7 is the dynamic viscosity of water, and
a is the particle radius. During this control update time, there is
also an error created because an old control actuation is being
applied to a slightly new particle position. This creates a posi-
tion error 6¢ that is bounded by the maximum particle velocity
(V < 5 ym s~ 1) times the update control time interval dt, the
resulting error 6 < V' x dt is less than 0.25 pm.

To close, we compare the attributes of laser tweezers and our
feedback flow control method in Table I.

VII. CONCLUSION

Feedback control allows simple microfluidic devices to exe-
cute sophisticated tasks. We demonstrate experimentally that vi-
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COMPARISON OF ATTRIBUTES OF PARTICLE STEER?I?(]}S 11;31;: I{ASER TWEEZERS AND FEEDBACK FLOW CONTROL
Number of | Positioning | Applied | Steerin | Type particles Cost of | Hand- Years under
particles accuracy forces 2 or3D | steered system | held development
Laser up to 400 <10 nm 100 aN - | 3D neutral, dielectric, $ 10k no 30
Tweezers 100 pN 10 nm— 10 um size | — 400k
Flow Control | 3 using 8 <1um ~20pN | 2D any visible <$5k | possible |2
electrodes

Attributes for laser tweezers taken from [2], [14]. To be steered by a laser tweezer, the dielectric constant of the particle must differ from the surrounding
medium. Our applied forces, for neutral particles, have been estimated using the classical Stokes drag law F' = —67wnr V [24] where 7 is the dynamic
viscosity of water at room temperature, r is the radius of the particles, and V" is the velocity of the flow created in our devices. These applied force have not
been maximized and are low because the V < 100 pm/s fluid velocities are slow. The cost of the flow control system is set primarily by the cost of the
vision system (the microscope and camera). A contact imager chip [43] would allow the system to be miniaturized into a handheld format (the necessary
voltage requirements can be provided by a small battery, and the control algorithms can be implemented on a chip). Existing contact imagers have pixels
sizes as small as 20 ym X 20 pm and they can implement center-of-gravity algorithms that can locate objects to subpixel resolution [44]. Thus, a contact
imager vision system will still allow control of particles to micrometer precision. It will also decrease the cost of the system to that of a PDMS device, a

battery, and two chips (one for imaging and one for control).

sion-based feedback control allows a four- and eight-electrode
PDMS device to steer single and multiple particles along arbi-
trary paths with micrometer precision. At each time instant a
vision system identifies the current locations of the particles,
a control algorithm determines the actuator voltages that will
create a fluid flow (for electroosmosis actuation) or an elec-
tric field (for electrophoretic actuation) to move the neutral or
charged particles from their current locations toward their next
desired positions, and the necessary flow or electric field is then
created by voltage actuation.

This control permits the steering of any visible particles
(neutral particles are carried by the flow, charged particles
are also actuated electrophoretically), for neutral particles the
method is noninvasive because it does not actuate the particles
directly but instead moves them by transporting the surrounding
medium, multiple particles can be steered and trapped at the
same time, and the imaging system and control algorithm will
be integrated on-chip in next-generation devices thus allowing
the entire system to be integrated into a handheld format. Our
approach is an example of how field inversion (finding the
required flow or electric field) plus error correction (feedback)
allows a MEMS designer to extract more functionality (here,
multiparticle steering) from existing devices. We have shown
a similar steering capability (in simulations) for electrowetting
devices using flow fields created by electrical surface tension
actuation [42] and it should also be possible to steer multiple
particles by other fields, such as pressure flows or dielec-
trophoretic force fields.
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